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PREFACE. 



These Lessons in Electricity and Ma^etism are in- 
tended to afford to beginners a dear and accurate 
knowledge of tbe experiments upon which the Sciences 
of Electricity and Magnetism are based, and of the 
exact laws which have been thereby discovered. The 
difficulties which beginners find in studying many 
modem text -books arise partly from the very wide 
range of the subject, and partly from want of fcimili- 
aiity with tbe simple fundamental experiments. We 
have, at the outset, three distinct sets of phenomena 
to observe, viz, — those of Frictional Electricity, of 
Current Electricity, and of Magnetism ; and yet it is 
impossible to study any one of these rightly without 
knowing sontetbing of them all. Accordingly, the first 
tbree Chapters of this work are devoted to a simple 
exposition of the prominent experimental facts of these 
three branches of the subject, reserving until the later 
Chapters the points of connection between them, and 
such parts of electrical theory as are admissible in a 
strictly elementary work. No knowledge of algebra 
beyond simple equations, or of geometry beyond the 
first book of Euclid, is assumed. 

A series of Exercises and Problems has been added 
at the end of the Book in order that students, who 
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so desire, may lest their power of applying thought to 
what they read, and of ascertaining, by answering the 
questions or working the problems, how far they have 
digested what they have read and made it their own. 

Wherever it has been necessary to state electrical 
quantities numerically, the practical system of electrical 
units (employing the volt, the ohm, and the atnpire^ as 
units of electromotive -force, resistance, and current, 
respectively) has been resorted to in preference to any 
other system. The Author has adopted this course 
purposely, because he has found by experience that 
these units gradually acquire, in the minds of students 
of electricity, a concreteness and reality not possessed 
by any mere abstract units, and because it is hopeiJ 
that the Lessons will be thereby rendered more usefiil 
to young telegraphists to whom these units are already 
familiar, and who may desire to learn something of the 
Science of Electricity beyond the narrow limits of their 
own practical work. 

Students should remember that this little work is but 
the introduction to a very widely-extended science, and 
those who desire not to stop short at the first step should 
consult the larger treatises of Faraday, Ma:(wel1, Thom- 
son, Wiedemann, and Mascart, as well as the more 
special works which deal with the various technical 
Applications of the Science of Electricity to the Arts 
and Manufactures. Though the Author does not think 
it well in an elementary text-book to emphasize particular 
theories on the nature of Electricity upon which the 
highest authorities are not yet agreed, he believes that 
it will add to a clear understanding of the matter if lie 
states his own views on the subject 

C-,o„glc 
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The iheoiy of Electricity adopted throughout these 
Lessons is, that Electricity, whatever its true nature, is 
one, not two : that this Electricity, whatever it may 
prove to be, is not matter, and is not energy; that it 
resembles both matter and enei^ in one respect, how- 
ever, in that it can neither be created nor destroyed. 
The doctrine of the Conseruaiion of Matter, established 
a century ago by Lavoisier, teaches us that we can 
neither destroy nor create matter, though we can alter 
its distribution, and its forms and combinations, in 
innumerable ways. The doctrine of the Conservation 
of Energy, which has been built up during the past 
half-century by Helmholtz, Thomson, Joule, and Mayer, 
teaches us that we can neither create nor destroy energy, 
though we may change it from one form to another, 
causing it to appear as the energy of moving bodies, or 
as the energy of heat, or as the static enei^ of a body 
which has been lifted against gravity, or some other 
attracting force, into a position whence it can run down, 
and where it has the potentiality of doing work. So 
also the doctrine of the Comervation of Electricity, now 
growing into shape," but here first enunciated under 
this name, teaches us that we can neither create nor 
destroy Electricity though we may alter its distribution, 
— may cause more to appear at one place and less at 
another, — may change it from the condition of rest to 
that of motion, or may cause it to spin round in whirl- 
pools or vortices, which themselves can attract or repel 

farubr M lo 'tie nature of Eleclricily. Si.ieo Ihi iboye wai »riUM u 
eleganl utAlylJcal llaUrneat of the " Doctrine of th« ConKrvalioQ of £kD- 
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other vortices. Accerding to this view all onr electrical 
machines and batteries are merely instruments for alter- 
ing the distribution of Electricity by moving some of it 
fi'om one place to another, or for causing Electricity, 
when accumulated or heaped together in one place, to 
do work in returning to its former level distribution. 
Throughout these Lessons the attempt has been made 
to state the facts of the Science in language consonant 
with this view, but at the same time rather to lead the 
student to this as the result of his study than to insist 
upon it dogmatically at the outset. 



PREFACE 
TO FORTY-THIRD THOUSAND. 

Since the last revision when Chapter V. on Electro, 
magnetics was rewritten, few alterations have been made; 
but very brief notices have been added of two most 
important researches of the year 1888, namely those of 
Professor Oliver Lodge on lightning conductors, and 
those of Professor H, Hertz on the propagation in space 
of electromagnetic waves. 

S. P. T. 
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ELEMENTARY LESSONS 

ON 

ELECTRICITY & MAGNETISM. 

CHAPTER I. 

FEICTIONAL ELECTRICIIT. 

Lesson 1. — Electrical Attraction and Repulsion. 

L Blectrioa] Attraotlon. — If you take a piece of 
sealing-wax, or of resin, or a glass rod, and rub it upon 
a piece of flannel or silk, it will be found to have ac- 
quired a property which it did not previously possess : 
namely, the power of attrarting to itself such light 
bodies as chaff, or dust, or bits of paper (Fig. i). This 
curious power was originally discovered to be a properly 
of amber, or, as the Greeks called it, ^XcKT/mv, which 
is mentioned by Thales of Miletus (B.C. 600), and by 
Theophrastus in his treatise on Gems, as attracting light 
bodies when rubbed. Although an enormous number of 
substances possess this property, amber and jet were the 
only two in which its existence had been recognised by 
the ancients, or even down to so late a date as the time 
of Queen Elizabeth. About the year 1600, Dr. Gilbert 
of Colchester discovered by experiment thai not only 
.a B 
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amber and jet, but a very large number of substances, 
such as diamond, sapphire, rock-crystal, glass, sulphur, 
sealing-wax, resin, etc., which he styled eUctrics,' 
possess the same property. Ever since his time the 
name electricity has been employed to denote the 
agency at work in producing these phenomena. Gilbert 
also remarked that these experiments are spoiled by the 



2. A better way of observing (he attracting force is 
to employ a small ball of elder pith, or of cork, hung by 
a fine thread from a support, as shown in Fig. 2. A 
dry warm glass tube, excited by rubbing it briskly with 
a silk handkerchief, will attract the pith ball strongly, 
showing that it is highly electrified. The most suitable 
rubber, if a stick of sealing-wax is used, will be found to 

I " Elirlrka : quiB atlrahunl eadem raliont ul eltctran.."— (Gilbert). 
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best of all, tar. Boyle 



be flannel, woollen cloth, 
discovered that an electri- 
fied body is itself at- 
tracted by one that has 
not been electrified. This 
may be verified (see Fig. 
3) by rubbing a stick of 
sealing-wax, or a glass rod, 
and hanging it in a wire 
loop at the end of a siik 
thread. If, then, the hand 
be held out towards the 
suspended electrified body, 
it will turn round and ap- 
proach the hand. So, 
again, a piece of silk rib- 
bon, if rubbed with warm ''*■ '■ 
indiarubber, or even if drawn between two pieces of 
warm flannel, and then held up by one end, will be 
found to be attracted 










by objects presented to 
it. If held near the 
wall of the room it will 
fly to it and stick to it. 
With proper precau- 
IS it can be shown 
that ia/A the rubber 
^ and the thing rubbed 
in an electrified 
e, for both will 
attract light bodies ; 
p. but to show this, care 

must be taken not to 
handle the rubber too much. Thus, if it is desired to 
show that when a piece of rabbit's fur is rubbed upon 
sealing-waic, the fur becomes also electrified, it is better 
not to take the fur in the hand, but to fasten it to the 
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end of a glass rod as a handle. The reason of this 
precaution will be explained toward the close of this 
lesson, and more fully in Lesson IV, 

A large number of substaDces, including iron, gold, 
brass, and all the metals, when held in the hand and 
rubbed, exhibit no sign of electrification, — that is to say, 
do not attract light bodies as rubbed amber and rubbed 
glass do. Gilbert mentions also pearls, marble, agate, 
and the lodestone, as substances not excited electrically 
by rubbing them. Such bodies were, on that account, 
formerly termed mm-eUdrics ; but the term is erro- 
neous, for if they are fastened to glass handles and then 
rubbed with silk or far, they behave as electrics. 

3. EUeotrioal Bepulaion. — When experimenting, 
with a rubbed glass rod and bits of chopped 







t will be noticed that these 
little bits are first attracted 
and fly up towards the ex- 
cited rod, but that, having 
touched it, they are 
speedily repelled and fly 
back to the table. To 
show this repulsion better, 
let a small piece of feather 
or down be hung by a silk 
thread to a support, and 
let an electrified glass rod 
be held near it. It will 
dart towards the rod and 
stick to it, and a moment 
later will dart away from 
Fig_, it, repelled by an invisible 

force <Fig. 4), nor will it 
again dart towards the rod. If the experiment be 
repeated with another feather and a stick of sealing-wax 
rubbed on flannel the same effects will occur. But, if 
now the hand be held towards the feather, it will rush 
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toward the hand, as the rubbed body in Fig. 3 did. 
This proves that Che feather, though it has not itself 
been rubbed, possesses the property originally imparted to 
the rod by rubbing it. In fact, it has become electrified, 
by having touched an electrified body which has given 
part of its electricity to it. It would appear then that 
two bodies electrified with the same electricity repel one 
another. This may be confirmed by a further experi- 
ment A njbhed gSass rod, hung up as in Fig. 3, is 
repelled by a similar rubbed glass rod ; while a rubbed 
stick of sealing-wax is repelled by a second rubbed stick 
of sealing-wax. Another way of showing the repulsion 
between two simi- 
larly electrified bodi es 
is to hang a coupid 
of small pith-balls, 
by thin linen threads 
to a glass support, 
as in Fig. 5, and 
then touch them both 
with a rubbed glass 
rod. They repel one 
another and fly apart, 
instead of hanging 
down side by side, pj„ ^ 

while the near pre- 
sence of the glass rod will make them open out still 
wider, for now it repels them both. The self- repulsion 
of the parts of an electrified body is beautifully illustrated 
by the experiment of elearifying a soap-bubble, which 
expands when electrified. 

4. Two kinds of Electrifloation. ^ — Electrified 
bodies do not, however, always repel one another. The 
feather which (see Fig. 4) has been touched by a rubbed 
glass rod, and which in consequence is repelled firom 
the rubbed glass, will be attracted if a stick of rubbed 
sealing-wax be presented to it; and conversely, if the 
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feather has been first electrified by touching it with the 
rubbed sealing-wax, it will be attracted to a rubbed glass 
rod, though repelled by the rubbed wax. So, again, a 
rubbed glass rod suspended as in Fig. 3 will be attracted 
by a rubbed piece of sealing-wait, or resin, or amber, 
though repelled by a rubbed piece of glass. The two 
pith-balls touched (as in Fig. 5) with a nibbed glass 
rod fly from one another by repulsion, and, as we have 
seen, fly wider asunder when the excited glass rod is 
held near them; yet they fell nearer together when a 
rubbed piece of sealing-wax is held under them, being 
attracted by it. Symmer first observed such phenomena 
as these, and they were independently discovered by Du 
Fay, who suggested in explanation of them that there 
were two difiisrent kinds of electricity which attracted 
one another while each repelled itself. The electricity 
produced on glass by rubbing it with silk he called 
vitreous electricity, supposing, though erroneously, that 
glass could yield no other kind; and the electricity 
excited in sudi substances as sealing-wax, resin, shellac, 
indiarubber, and amber, by rubbing them on wool or 
flannel, he termed resinous electricity. The kind ol 
electricity produced is, however, found to depend not only 
on the thing rubbed but on the rubber also ; for glass 
yields " resinous " electricity when rubbed with a cat's 
skin, and resin yields " vitreous " electricity if rubbed 
vrith a soft amalgam ol tin and mercury spread on 
leather. Hence these names have been abandoned in 
favour of the more appropriate terms introduced by 
Franklin, who called the electricity excited upon glass by 
rubbing it with silk positive electricity, and that produced 
on resinous bodies by friction with wool or fiir, negative 
electricity. The observations of Symmer and Du Fay may 
therefore be stated as follows ; — Two positively electrified 
bodies repel one another : two negatively electrified bodies 
repel one another: but a positively electrified body and 
a negatively electrified body attract one another. 
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5. Simultaneous production of both Eleotrioal 
States. — Neither kind of electrification is produced 
alone ; there is aJways an equaJ quantity of both kinds 
produced ; one kind appearing on the thing nibbed 
and an equal amount of the other kind on the rubber. 
The dearest proof that these amounts are equal can be 
given in some cases. For it is found that if both the - 
electricity of the rubber and the 'i- electricity of the thing 
rubbed be imparted to a third body, that third, body will 
show no electrification at all, the two equal and opposite 
electrifications having exactly neutralised each other. 

In the following list the bodies are arranged in such 
an order that if any two be rubbed tt^ether the one 
which stands earlier in the series becomes positively 
electrified, and the one that stands later negatively 
electrified -.—^Fur, ivool, ivory, glass, silk, metals, sul- 
phur, indiarubber, guttapercha, collodion. 

Q. Theories of Eleotrlclty. — Several theories, have 
been advanced to account for these phenomena, but all 
are more or less unsatisfactory. Symmer proposed a 
" two-fluid " theory, according to which there are two 
imponderable electric fluids of opposite kinds, which 
neutralise one another when they combine, and which 
exist combined in equal quantities in all bodies until 
their condition is disturbed by friction. A modification 
of this theory was made by Franklin, who proposed 
instead a "one-fluid" theory, according to which 
there is a single electric fluid distributed usually uniformly 
in all bodies, but which, when they are subjected to friction, 
distributes itself unequally between the rubber and the 
thing rubbed, one having more of the fiuid, the other 
less, than the averse. Hence the terms positive and 
negative, which are still retained ; that body which is 
supposed to have an excess being said to be charged 
with positive electricity (usually denoted by Uteplus sign 
y), while that which is supposed to have less is said to 
DC charged with negative electricity (and is denoted by 
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the minus sign — ). These terms are, however, purely 
arbitrary, for in the present state of science we do not 
know which of these two states really means more and 
which means less. It is, however, quite certain that 
eUdricity is not a material fluid, whatever else it 
may be. For while it resembles a fluid in its property 
of apparently flawing from one point to another, it differs 
from every known fluid in almost every other respect. 
It possesses no weight ; it repels itself. It is, moreover, 
quite impossible to conceive of two fluids whose proper- 
ties should in every respect be the precise opposites oi 
one another. For these reasons it is clearSy. misleading 
to speak of an electric fluid or fluids, however convenient 
the term may seem to be. Another theory, usually known 
as the molecular theory of electricity, and first dis- 
tinctly upheld by Faraday, supposes that electrical states 
are the result of certain peculiar conditions of the mole- 
cules of the bodies that have been rubbed, or of the 
"Kther" which is believed to surround the molecules. 
There is much to be said in &vour of this hypothesis, 
but it has not yet been proven. In these lessons, there- 
fore, we shall avoid as far as possible all theories, and 
shall be content to use the term electricity. 

7. Charge. — The quantity of electrification of either 
kind produced by friction or other means upon the surface 
of a body is spoken of as a charg'e, and a body when 
electrifled is said to be charged. It is clear that there 
may be charges of different values as well as of either 
kind. When the charge of electricity is removed from 
a charged body it is said to be discharged. Good 
conductors of electricity are instantaneously discharged 
if touched by the hand or by any conductor in contact 
with the ground, the charge thus finding a means of 
escaping to earth. A body that is not a good conductor 
may be readily discharged by passing it rapidly through the 
flame of a spirit-lamp or a candle ; for the flame instantly 
carries off the electricity and dissipates it in the air. 
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Electricity may either reside upon the surface of bodies 
as a charge, or flow through their substance as a 
current. That branch of the science which treats of 
the laws of the charges upon the surfece of bodies is 
termed eleotroetatioB, and is dealt with in Chapter 
IV. The branch of the subject which treats of the flow 
of electricity in currents is dealt with in Chapter I II., and 
other later portions of this book. 

8, Gonductora and iQSulators. — The (enn "con- 
ductors," used above, is applied to those bodies which 
readily allow electricity to flow through them. Roughly 
speaking bodies may be divided into two classes — those 
which conduct and those which do not ; though very 
many substances are partial conductors, and cannot well 
be classed in either category. All the metals conduct 
well ; the human body conducts, and so does water. 
On the other hand glass, sealing-wax, silk, shellac, gutta- 
percha, indiarubber, resin, fatty substances generally, 
and the air, are " noo-oonductors." On this account 
these substances are used to make supports and handles 
for electrical apparatus where it is important that the 
electricity should not leak away ; hence they are some- 
times called Insulators or isolators. Faraday termed 
them dieleotrics. We have remarked above that Gil- 
bert gave the name of non-electrics to those substances 
which, like the metals, yield no sign of electrification when 
held in the hand and rubbed. We now know the reason 
why they show no electrification ; for, being good conduct- 
ors, the electricity flows away as fast as it is generated. 
The observation of Gilbert that electrica! experiments 
&I1 in damp weather is also explained by the knowledge 
that water is a conductor, the film of moisture on the 
surface of damp bodies causing the electricity produced 
by friction to leak away as fast as it is generated. 

9. Other electrical effects. — The production of 
electricity by friction is attested by other effects than 
those of attraction and repulsion, which hitherto we have 
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assumed to be the test of the presence of electricity, 
Otto von Guericke first observed that sparks and flashes 
of light could be obtained from highly electrified bodies at 
the moment when they were discharged. Such sparks are 
usually accompanied by asnapping sound, suggesting on a 
small scale the thunder accompanying the lightning spark, 
as was remarked by Newton and other early observers. 
Pale leashes of light are also produced by the discharge 
of electricity through tubes partially exhausted of air by 
the air-pump. Other effects will be noticed in due course. 
lO. Other Sources of Electrifioation. — The stu- 
dent must he reminded that friction is by no means the 
only source of electricity. The other sources, per- 
cussion, compression, heat, chemical action, physiological 
action, contact of metals, etc., will be treated of in Lesson 
VII. We will simply remark here that friction between 
two different substances always produces electrical 
separation) no matter what the substances may be. 
Symmer observed the production of electricity when a 
silk stocking was drawn over a woollen one, though 
woollen rubbed upon woollen, or silk rubbed upon silk, 
produces no electrical effect. If, however, a piece of 
rough glass be rubbed on a piece of smooth glass, 
electrification is observed ; and indeed the conditions ol 
the surface play a very important part in the production 
of electricity by friction. In general, of two bodies 
thus mbbed together, that one becomes negatively 
electrical whose particles are the more easily removed 
by friction. Differences of temperature also affect the 
electrical conditions of bodies, a warm body being usually 
negative when rubbed on a cold piece of the same sub- 
stance. Faciei found the degree of electrification produced 
by rubbing two substances together to be independent ol 
the pressure and of the size of the surfaces in contact, 
but depended on the materials and on the velocity with 
which they moved over one another. Roiling friction 
and sliding friction produced equal effects. The quantity 
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of electrification produced is, however, not proportional 
to the amount of the actual mechanical friction ; hence 
it appears doubtful whether fiiction is truly the cause of 
the electrification. Indeed, it is probable that the true 
cause is the contact of dissimilar substances (see Art. 
73), and that when on contact two particles have 
assumed opposite electrical states, one being + the 
other — , it is necessary to draw them apart before their 
respective electrifications can be observed. Electrical 
machines are therefore machines for bringing dissimilar 
substances into intimate contact, and then drawing apart 
the particles that have touched one another and become 
electrical. 

Lesson II. — Electroscopes. 

11. Simple Elect rosoopee. — An instrument for 
detecting whether a body is electrified or not, and 
whether the electrification is positive or negative, is 
termed an Eleotrosoope. The feather which was 
attracted or repelled, and the two pith balls which Hew 
apart, as we found in Lesson !., are in reality simple 
electroscopes. There are, however, a number of pieces 
of apparatus better adapted for this particular purpose, 
some of which we will describe. 

12. Straw-Needle Electroscope. — The earliest 
electroscope was that devised by Dr. Gilbert, and shown 
in Fig. 6, which consists of a stiff straw balanced lightly 




upon a sharp point, A thin strip of brass or wood, or 
even a goose quill, balanced upon a sewing needle, will 
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serve equally well. When an electrified body is held near 
the electroscope it is attracted and turned round, and will 
thus indicate the presence of quantities of electricity far 
too small to attract bits of paper from a table. 

13. Gold-Leaf EleotroBOOpe. — A still more sensi- 
tive instrument is the Oold-Leaf EleotroBOOpe in- 
vented by Bennet, and shown in Fig. 7. We have 
seen how two pith-balls when similarly electrified repel 
one another and stand apart, the force of gravity being 
partly overcome by the force of the electric repulsion. 



'*^^:C 



Fig. 7. 

A couple of narrow strips of the thinnest tissue papier, 
hung upon a support, will behave similarly when electri- 
fied. But the best results are obtained with two strips 
of gold-leaf, which, being excessively thin, is much 
lighter than the thinnest paper. The Gold-Leaf Electro- 
scope is conveniently made by suspending the two leaves 
within a wide-mouthed glass jar, which both serves to 
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protect them ftotn draughts of air and to support them 
from contact with the ground. Through the cork, which 
should be varnished with shellac or with paraffin wax, is 
pushed a bit of glass tube, also varnished. Through this 
passes a stiff brass wire, the lower end of which is bent 
at a right angle to receive the two strips of gold-leaf, 
while the upper supports a flat plate of metal, or may be 
furnished with a brass knob. When kept dry and free 
from dust it will indicate excessively small quantities of 
electricity. A rubbed glass rod, even while two or three 
feet from the instrument, will cause the leaves to repel 
one another. The chips produced by sharpening a pencil, 
falling on the electroscope top, are seen to be electrified. 
If the knob be even brushed with a small camel's h^ir 
brush, the slight friction produces a perceptible effect. 
With this instrument all kinds of ftiction can be shown 
to produce electrification. Let a person, standing upon 
an insulating support, — such as a stool with glass legs, 
or a board supported on four glass tumblers, — be briskly 
struck with a silk handkerchief, or with a fox's tail, 01 
even brushed with a clothes' brush, he will he electrified, 
as will be indicated by the electroscope if he place one 
hand on the knob at the top of it. The Gold-Leaf 
Electroscope can further be used to indicate the kind of 
electricity on an excited body. Thus, suppose we rublied 
a piece of brown paper with a piece of indiarubber and 
desired to find out whether the electrification excited on 
the paper was + or — , we should proceed as follows ; — 
First charge the gold leaves of the electroscope by 
touching the knob with a glass rod nibbed on silk. 
The leaves diverge, being electrified with + electrifi. 
cation. When they are thus charged the approach of 
a body which is positively electrified will cause them to 
diverge still more widely ; while, on the approach of one 
negatively electrified, they will tend to close together. 
If now the brown paper be brought near the electroscope, 
the leaves wiU be seen to diverge more, proving the 
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electrification of the paper to be of the same kind as 
that with which the electroscope is chained, or positive. 
The Gold-Leaf Electroscope will also indicate roughly 
the amount of electricity on a body placed in contact 
with it, for the gold leaves open out more widely when 
the quantity of electricity thus imparted to them is greater. 
For exaa measurement, however, of the amounts o( 
electricity thus present, recourse must be had to the instru- 
ments known as Electrometers, described in Lesson XXI. 
In another form of electroscope (Bohnenberger's) a 
single gold leaf is used, and is suspended between two 
metallic plates, one of which can be positively, the other 
negatively electrified, by placing them in communication 
with the poles of a " dry pile " (Art. 182). If the gold 
leaf be charged positively or negatively it will be 
attracted to one side and repelled irom the other, 
according to the law of attraction and repulsion men- 
tioned in Art. 4. 

14. Henley's Quadrant Electroscope. — The 
Quadrant Electroscope is sometimes employed as an 
indicator for large charges of electricity. It consists of 
a pith ball at the end of a light 
arm fixed on a pivot to an upright. 
When the whole is electrified the 
pith-ball is repelled from the up- 
right and flies out at an angle, 
indicated on a graduated scale or 
quadrant behind it. Its usual form 
is shown in Fig. 8. This little 
electroscope, which is seldom 
used except to show whether an 
" --^-^~"' electric machine or a Leyden 

battery is charged, must on no 
^''^^ ^' account be confused with the deli- 

cate "Quadrant Electrometer" described in Lesson 
XXI., whose object is to measure very small charges 
of electricity — not to indicate large ones. 
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15. The Torsion Balance. — Although more pro- 
per] y an Electrometer than a mere Electroscope, it 
will be most convenient to describe here the instrument 
known as the Torsion 
Balance. (Fig. 9.) This 
instrument serves to 
measure the force of the 
repulsion between two 
similarly electrified 
bodies, by balancing the 
force of this repulsion 
ag^nst the force exerted 
by a fine wire in untwist- 
ing itself after it has been 
twisted. The torsion 
balance consists of a 
light arm or lever of 
shellac suspended within 
a cylindrical glass case ^«-* 

by means of a fine silver wire. At one end this lever is 
furnished with a gilt pith-ball, n. The upper end of the 
silver wire is festened to a brass top, upon which a circle, 
divided into degrees, is cut. This top can be turned 
round in the tube which supports it, and is known as the 
torsion-head. Through an aperture in the cover there 
can be introduced a second gilt pith-ball m, fixed to 
the end of a vertical glass rod a. Round the glass case, 
at the level of the pith-balls, a circle is drawn, and 
divided also into degrees. 

In using the torsion balance to measure the amount 
of a charge of electricity, the following method is 
adopted ; — First, the torsion-head is turned round until 
the two pith-balls m and n just touch one another. 
Then the glass rod a is taken out, and the charge of 
electricity lo be measured is imparted to the ball m, 
which is then replaced in the balance. As soon as m 
and n touch one another, part of the charge passes from 
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m to ft, and they repel one another because they are 
then similarly electrified. The ball n, therefore, is driven 
round and twists the wire up to a certain extent. The 
force of repulsion becomes less and less as n gets 
farther and farther from m ; hut the force of the twist 
gets greater and greater the more the wire is twisted. 
Hence these two forces will balance one another when 
the balls are separated by a cert^n distance, and it is 
clear that a large charge of electricity will repel the ball 
n with a greater force than a lesser charge would. 
The distance through which the ball is repelled is read 
off not in inches but in angular degrees of the scale. 
When 3 wire is twisted, the force with which it tends to 
untwist is precisely proffortional to the amount of the 
twist. The force required to twist the wire ten degrees 
is just ten times as great as the force required to twist 
it one degree. In other words, CA« force o/ torsion is 
proportional to the angle of torsion. The angular 
distance between the two balls is, when they are not 
very widely separated, very nearly proportional to the 
actual straight distance between them, and represents 
the force exerted between electrified balls at that 
distance apart The student must, however, carefully 
distinguish between the measurement of the force and 
the measurement of the actual quantity of electricity 
with which the instrument is charged. For the force 
exerted between the electrified hails will vary at different 
distances according to a particular law known as the 
" law of inverse squares," which requires to be carefully 
explained. 

16. The Law of Inverse Squares. — Coulomb 
proved, by means of the Torsion Balance, that the force 
exerted between two small electrified bodies varies 
inversely as the square of the distance between them 
when the distance is varied. Thus, suppose two electri- 
fied bodies one inch apart repel one another with a 
certain force, at a distance of two inches the force wiH 
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be found to be only one quarter as great as the force 
at one inch ; and at ten inches it will be only f^^th 
part as great as at one inch. This law is proved by the 
following experiment with the torsion balance. The 
two scales were adjusted to o°, and a certain charge was 
then imparted to the balls. The ball n was repelled 
round to a distance of 36°. The twist on the wire 
between its upper and lower ends was also 36°, or the 
force of the repulsion was thirty-six times as great as the 
force required to twist the wire by 1", The torsion-head 
was now turned round so as to twist the thread at the 
top and force the ball n nearer to m, and was turned 
round until the distance between n and m was halved. 
To bring down this distance from 36° to 18°, it was 
found needful to twist the torsion-head through 126°. 
The total twist between the upper and lower ends of the 
wire was now 126° + 18°, or 144° ; and the force was 
144 times as great as that force which would twist the 
wire 1°. But 144 is four times as great as 36 ; hence 
we see that while the distance had been reduced to one 
kalf, the force between the balls had become four 
tiims as ^eat. Had we reduced the distance to one 
quarter, or 9°, the total torsion would have been found 
to be 576°, or sixteen times as great; proving the 
force to vary inversely aa the square of the 



In practice it requires great experience and skill to 
obtain results as exact as this, for there are many 
sources of inaccuracy in the instrument. The balls 
must be very small, in proportion to the distances between 
them. The charges of electricity on the balls are found, 
moreover, to become gradually less and less, as if the 
electricity leaked away into the air. This loss is less 
if the apparatus be quite dry. It is therefore usual to 
dry the interior by placing itiside the case a cup con- 
taining either chloride of calcium, or pumice stone 
soaked with strong sulphuric acid, to absorb the moisture, 
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Before leaving the subject of electric forces, it may be 
well to mention that the farce of attraclion between 
two oppositely electrified bodies varies also inversely as 
the square of the distance between them. And in every 
case, whether of attraction or repulsion, (he force at any 
given distance is proportional to the product of the 
two quantities of electricity on the bodies. Thus, if 
we had separately given a charge of i to the ball tn and 
a charge of 3 to the bail «, the force between them will 
be 3x2=6 times as great as if each had had a 
charge of i given to it. 

17, Unit quantity of Eleotrioity. — In conse- 
quence of these laws of attraction and repulsion, it is 
found most convenient to adopt the following de6nition 
for that quantity of electricity which we lake for a unit or 
standard by which to measure other quantities of elec- 
tricity. One Unit of Electricity is that quantity which, 
when placed at a distance of one centimetre in air from 
a similar and equal quantity, repels it with a force of 
one dyne. Further information about the measure- 
ment of electrical quantities is given in Lessons XX. 
and XXI. 



Lesson III. — Electrification by Induction. 

18. We have now learned how two charged bodies 
may attract or repel one another. It is sometimes said 
that it is the electricities in the bodies which attract or 
repel one another ; but as electricity is not known to 
exist except in or on material bodies, the proof that it 
is the electricities themselves which are attracted is only 
indirect. Nevertheless there are certain matters which 
support this view, one of these being the electric influ- 
ence exerted by an electrified body upon one not 
electrified. 

Suppose we rub a ball of glass with silk to electri:^ it, 
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and hold it near to a ttody that has not been electrified, 
what will occur? We take for this experiment the 
apparatus shown in Fig. lo, consisting of a long 
sausage -shaped piece of metal, either hollow or sohd, 
held upon a glass support. This "conductor," so called 
because it is made of metal which permits electricity to 
jtass fi-eely through it or over its surface, is supported on 
glass to prevent the escape of electricity to the earth, 
glass being a non-conductor. The presence of the 
positive electricity of the glass ball near this conductor 
is found to induce electricity on the conductor, which, 






^i 



although it has not been rubbed itself, will be found to 
behave at its two ends as an electrified body. The 
ends of the condtictor will attract little bits of paper; 
and if pith-balls be hung to the ends they are found 
to be repelled. It will, however, be found that the 
middle region of the long-shaped conductor will give 
no sign of any electrification. Further examination will 
show that the two electrifications on the ends of the con- 
ductor are of opposite kinds, that nearest the excited 
glass ball being a negative charge, and that at the 
&rtbest end being an equal charge, but of positive 
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sign. It appears then that a positive chaige attracts 
negative and repels positive, and that this influence can 
be exerted at a distance from a body. If we had begun 
with a charge of negative electrification upon a stick of 
sealing-wax, the presence of the negative charge near the 
conductor would have induced a positive charge on the 
near end, and negative on the far end. This action, 
discovered in 1753 by John Canton, is spoken of as 
electric Induatlon, or influence. It will take place 
across a considerable distance. Even if a large sheet 
of glass be placed between, the same effect will be 
produced. When the electrified body is removed both 
the charges disappear and leave no trace behind, and 
the glass ball is found to be Just as much electrified as 
before ; it has parted with none of its own chaise. It 
will be remembered that on one theory a body charged 
positively is regarded as having more electricity than 
the things round it, while one with a negative charge 
is regarded as having less. According to this view 
it would appear that when a hody (such as the + 
electrified glass ball) having more electricity than 
things around it is placed near an insulated conductor, 
the uniform distribution of electricity in that conductor 
is disturbed, the electricity flowing away from thai end 
which is near the + body, leaving less than usual at 
that end, and producing more than usual at the other 
end. This view of things will account for the disappear- 
ance of all signs of electrification when the electrified 
body is removed, for then the conductor returns to its 
former condition ; and being neither more nor less elec- 
trified than all the objects around on the sur&ce of the 
earth, will show neither positive nor negative chaise. 

19. If the conductor be made in two parts, so that 
while under the inductive influence of the electrified 
body they can be separated, then on the removal of the 
electrified body the two charges can no longer return 
to neutralise one another, but remain each on their own 
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portion of the conductor, and may b« examined at 

If the conductor be not insulated on glass supports, 
but placed in contaa with the ground, that end only 
which is nearest the electrified body will be found to be 
electrified. The repelled electricity is indeed repelled 
as Jar as possible — into the earth. One kind of elec- 
trification only is under these circumstances to be found, 
namely, the opposite kind to that of the excited body, 
whichever this may be. The same efiect occurs in this 
case as if an electrified body had the power of attracting 
up the opposite kind of charge out of the earth, though 
the former way of regarding matters is mote correct, 

The quantity of the two charges thus separated by 
induction on such a conductor in the presence of a 
charge of electricity, depends upon the amount of the 
charge, and upon the distance of the charged body from 
the conductor. A highly electrified glass rod will 
produce a greater inductive efiect than a less highly 
electrified one ; and it produces a greater effect as it is 
brought nearer and nearer. The utmost it can do will 
be to induce on the near end a negative charge equal 
in amount to its own positive charge, and a similar 
amount of positive electricity at the far end ; but usually, 
before the. electrified body can be brought so near as to 
do this, something else occurs which entirely alters the 
condition of things. As the electrified body is brought 
nearer and nearer, the charges of opposite sign on the 
two opposed suriaces attract one another more and 
more strongly and accumulate more and more densely, 
until, as the electrified body approaches very near, a spark 
is seen to dart across, the two cha:^es thus rushing 
together to neutralise one another, leaving the induced 
charge of positive electricity, which was formerly repelled 
to the other end of the conductor, as a permanent charge 
after the electrified body has been removed. 

20. We arc now able to apply the principle of 
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induction to explain why an electrified body should 
attract things that have not been electrified at all. Let 
a light ball be suspended by a silk thread (Fig. 1 1), and 
a rubbed glass rod held near it. The positive charge 
of the glass will induce a negative chaige on the near side, 
and an equal amount of posi- 
tive electrification on the farther 
side, of the ball. The nearer 
half of the baJI will therefore 
t^^^a (f*"'^^S^ ^^ attracted, and the farther 
' ' ^^ half repelled; but the attraction 
will be stronger than the repul- 
sion, because the attracted elec- 
tricity is nearer than the repelled. Hence on the whole 
the ball will be attracted. It can easily be observed 
that if a bail of non-conducting substance, such as wax, 
be employed, it is not attracted so much as a ball of 
conducting material. This in itself ^:^w that induction 
really precedes attraction. 

21. Inductive oapaolt^- — We have assumed up to 
this point that electricity could act at a distance, and 
could produce these effects of induction vrithout any 
intervening means of communication. This, however, 
is not the case, for Faraday discovered that the air in 
between the electrified body and the conduttor played a 
very important part in the production of these actions. 
Had some other substance, such as paraffin oil, or solid 
sulphur, occupied the intervening space, the effect pro- 
duced by the presence of the electrified body at the 
same distance would have been greater. The power of 
a body thus to allow the inductive infiuence of an 
electrified body to act across it is called its Inductive 
capacity (see Article 49 and Lesson XXII.) 

22. The Electrophorua. — We are now prepared 

to explain the operation of a simple and ingenious 

instrument, devised by Volta in 1775, for the purpose 

of procuring, by the principle of induction, an unlimited 

f.oiwlc 
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number of charges of electricity from one single charge. 
This instrument is the Eleotrophorua (Fig. 12). It 
consists of two parts, a round cake of resinous material 
cast in a metal dish or "sole," about iz inches in 
diameter, and a round disc of slightly smaller diameter 
made of metal, or of wood covered with tinfoil, and 



provided with a glass handle. Shellac, or sealing-wax, 
or a miD^ture of resin, shellac, and Venice turpentine, may 
be used to make the cake. A slab of sulphur will 
also answer, but it is liable to crack. Sheets of hard 
ebonised indiarubber are excellent ; but the surface of 
this substance requires occasional washing with ammonia 
and rubbing with paraffin oil, as the sulphur contained 
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in it is liable to oxidise and to attract n 
the electrophorus the resinous cake must be beaten or 
rubbed with a warm piece of woollen cloth, or, better 
still, with a cat's skin. The disc or " cover " is then 
placed upon the cake, touched momentarily with the 
finger, then removed by taking it up by the glass handle, 
when it is found to be powerfully electrified with a posi- 
tive charge, so much so indeed as to yield a spark when 
the knuckle is presented to it. The " cover " may be 
replaced, touched, and once more removed, and will 
thus yield any number of sparks, the original chaise on 
the resinous plate meanwhile remaining practically as 
strong as before. 
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The theory of the electrophorus is very simple, pro- 
vided the student has dearly grasped the principle of 
induction explained above. When the resinous cake 
is first beaten with the cat's skin its surface is negatively 
electrified, as indicated in Fig. 13. When the metal 
disc is placed down upon it, it rests really only on three 
or four points of the surface, and may be regarded as an, 
insulated conductor in the presence of an electrified 
body. The negative electrification of the cake therefore 
acts inductively on the metallic disc or " cover," attract- 
ing a positive charge to its under side, and repelling 
a negative charge to its upper surface. This state 
of things is shown in Fig. 14. If now, the cover be 
touched for an instant with the finger, the negative 
charge of the upper surface (which is upon the upper 
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sur&ce being repelled by the negative charge on the aOte) 
will be neutralised by electricity flowing in from the 
earth through the hand and body of the experimenter. 
The attracted positive charge will, however, remain, bdng 
bound as it were by its attraction towards the negative 
charge on the cake. Fig. 1 5 shows the condition of 
things after the cover has been touched. If, finally, the 
cover be lifted by its handle, the remfuning positive 
charge will be no longer " bound " on the lower surface 
by attraction, but will distribute itself on both sides of 




the cover, and may be used to give a spark, as already 
said. It is clear that no part of the original charge has 
been consumed in the process, which may be repeated 
as often as desired. As a matter of fact, the charge on 
the cake slowly dissipates — especially if the air be damp. 
Hence it is needful sometimes to renew the original 
charge by afresh beating the cake with the cat's skin. 
The labour of touching the cover with the finger at each 
operation may be saved by having a pin of brass or a 
strip of tinfoil projecting from the metallic " sole " on to 
the top of the cake, so that it touches the plate each 
time, and thus neutralises the negative chaise by allow- 
ing electricity to flow in from the earth. 

Since the electricity thus yielded by the elecirophoms 
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is not obtained at the expense of any part of the original 
charge, it is a matter of some interest to inquire what 
the source is from which the energy of this apparently 
unlimited supply is drawn ; for it cannot be called 
into existence without the expenditure of some other 
form of energy, any more than a steam-engine, can work 
without fuel. As a matter of fact it is found that it 
is a little harder work to lift up the cover when it 
is charged with the + electricity than if it were not 
charg(.J ; for, when charged, there is the force of the 
electric attraction to be overcome as well as the force 
of gravity. Slightly harder work is done at the ex. 
pense of the muscular energies of the operator ; and this 
is the real origin of the energy stored up in the separate 

23. Oontinuous Eleotrophorl — The purely me- 
chanical actions of putting down the disc on to the 
cake, touching it, and lifting it up, can be perfonned 
automatically by suitable mechanical arrangements, 
which render the production of these induaive charges 
practically continuous. The earliest of such oontin- 
uous eleotrophorl was Bennet's " Doubler," the latest 
is Wimshurst's machine, described in Lesson V. 

34. "Pree' and "Bound" Blectricitr. — We 
have spoken of a charge of electricity on the surface of 
a. conductor, as being " bound " when it is attracted by 
the presence of a neighbouring charge of the opposite 
kind. The converse term " free " is sometimes applied 
to the ordinary state of electricity upon a charged con- 
ductor, not in the presence of a charge of an opposite 
kind. A "free" charge upon an insulated conductor 
flows away instantaneously to the earth, if a conducting 
channel be provided, as will be explained in the next 
lesson. It is immaterial what point of the conductor be 
touched. Thus, in the case represented in Fig. lo, 
wherein a + electrified body induces - electrification at 
the near end, and -i- electrification at the far end of an 
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insulated conductor, the — charge is " bound," being 
attracted, while the + charge at the other end, being 
repelled, is "free"; and if the insulated conductor be 
touched by a person standing on the ground, the "free" 
electricity will flow away to the earth through his body, 
while the " bound " electricity will remain, no matter 
whether he touch the conductor at the far end, or at the 
near end, or at the middle. 

26. Inductive method of obarglnEr the Qold- 
teaf Heotroaoopa— The student will now be prepared 
to understand the method by which a Gold-Leaf Electro- 
scope can be charged with the opposite kind of charge to 
that of the electrified body used to charge it In Lesson 
II, it was assumed that the way to charge an electro- 
scope was to place the excited body in contact with the 
knob, and thus permit, as it were, a small portion of the 
chai^ to flow into die gold leaves. A rod of glass 
nibbed on silk being + would thus obviously impart + 
electrification to the gold leaves. 

Suppose, however, the rubbed glass rod to be held a 
few inches above the knob of the electroscope, as is 
indeed shown in Fig. 7. Even at this distance the gold 
leaves diverge, and the effect is due to induction. The 
gold leaves, and the brass wire and knob, form one con- 
tinuous conductor, insulated from the ground by the 
glass jar. The presence of the + electricity of the 
glass acts inductively on this " insulated conductor," 
inducing — electrification on the near end or knob, and 
inducing + at the Sar end, i.e., on the gold leaves, 
which diverge. Of these two induced charges, the - 
on the knob is "bound," while the -1- on the leaves is 
" free." If now, while the excited rod is still held above 
the electroscope, the knob be touched by a person 
standing on the ground, one of these two induced charges 
flows to the ground, namely the free charge — not that 
on the knob itself, for it was " bound," but that on the 
gold leaves which was "free" — and the gold leaves 
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instantly drop down straight. There now remains only 
the — charge on the knob, " bound " so long as the 
4- charge of the glass rod Is near to attract it But 
if, finally, the glass rod be taken right away, the - 
charge is no longer " bound " on the knob, but is 
" free " to flow into the leaves, which once more divei^ 
— but this time with a negative electrification. 

26. "The Betum-Shook." — It is sometimes noticed 
that, when a charged conductor is suddenly discharged, 
a discharge is felt by persons standing near, or may 
even affect electroscopes, or yield sparks. This action, 
known as the " return-shock," is due to induction. For 
in the presence of a charged conductor a charge of 
opposite sign will be induced in neighbouring bodies, 
and on the discharge of the conductor these neighbour- 
ing bodies may also suddenly discharge their induced 
charge into the earth, or into other conducting bodies. 
A "return-shock" is sometimes felt by persons standing 
on the ground at the moment when a flash of lightning 
has struck an object some distance away. 



Lesson IV. — Conduction and Distribution of Electricity. 

OT. Oonduotion. — Toward the close of Lesson I. 
we explained how certain bodies, such as the metals, 
conduct electricity, while others are non-conductors or 
insulators. This discovery is due to Stephen Gray ; 
who, in 1729, found that a cork, inserted into the end 
of a rubbed glass tube, and even a rod of wood stuck 
into the cork, possessed the power of attracting light 
bodies. He found, similarly, that metallic wire and pack- 
thread conducted electricity, while silk did not. 

We may repeat these experiments by taking (as in 
Fig. 1 7) a glass rod, fitted with a cork and a piece of 
wood. If a bullet or a brass knob be hung to the end of 
this by a linen thread or a wire, it is found that when the 
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glass tube is rubbed the bullet acquires the property of 
attracting light bodies. If a dry silk thread is used, 
however, no electricity will flow down to the bullet. 

Gray even succeeded in transmitting a charge of 
electricity through a hempen thread over 700 feet long, 
suspfended on silken loops. A little later Du Fay 
succeeded in sending electricity to no less a distance 
than 1256 feet through a moistened thread, thus proving 
the conducting power of moisture. From that time the 
classification of bodies into conductors and insulators 
has been observed. 



This distinction cannot, however, be entirely main- 
tained, as a large class of substances occupy an inter- 
mediate ground as partial conductors. For example, dry 
•wood is a bad conductor and also a bad insulator ; it 
is a good enough conductor to conduct away the high- 
potential electricity obtained by friction ; but it is a 
bad conductor for the relatively low-potential electricity 
of small vohmc batteries. Substances that are very bad 
conductors are said to offer a great resiatanoe to the 
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flow of electricity through them. There is indeed no 
substance so good a conduaor as to be devoid of resist- 
ance. There is no substance of so high a resistance as 
not to conduct a little. Even silver, which conducts bes! 
of all known substances, resists the flow of electricity to 
a small extent ; and, on the other hand, such a non-con- 
ducting substance as glass, though its resistance is many 
million times greater than any metal, does allow a very 
small quantity of electricity to pass through it. In the 
following list, the substances named are placed in order, 
each conducting better than those lower down on the list 
Silver 



Other metals . 
Charcoal . 
Water . 
The body 
Cotton . 
Dry Wood 
Marble . 
Paper 
Oils 



Good Cond actors. 



Partial OonduotocB. 



Guttapercha 

SheUac , 

Ebonite . 

Paraffin . 

Glass . 

Dry air . 

A simple way of observing experimentally whether a 
body is a conductor or not, is to take a charged gold- 
leaf electroscope, and, holding the substance to be 
examined in the hand, touch the knob of the electro- 
scope with it. If the substance is a conductor the 
electricity will flow away through it and through the 
body to the earth, and the electroscope will be discharged. 
Through good conductors the rapidity of the flow is so 
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great' that the discharge is practically i 

Further information on this question is given in Lesson 

XXIII. 

28. Bistributlon of EU&otrloity on Bodies. — If 
electricity is produced at one part of a non-conducting 
body, it remains at that point and does not flow over 
the surface, or at most flows over it excessively slowly. 
Thus if a glass tube is rubbed at one end, only that one 
end is electrified. If a warm cake of resin be rubbed at 
one part with a piece of cloth, only the portion rubbed 
will attract light bodies. The case is, however, wholly 
different when a charge of electricity is imparted to any 
part of a conducting body placed on an insulating 
support, for it instantly distributes itself all over the 
surfece, though in general not uniformly over all points 
of the surface. 

29. The OharEre resides on the surCaoa — A 
charge of electricity resides only on the surface of 
conducting bodies. This b proved by the fact that it 
is found to be immaterial to the distribution what the 
interior of a conductor is made of; it may be solid metal, 
or hollow, or even consist of wood covered with tinfoil 
or gilt, but, if the shape be the sam^, the charge will 
distribute itself precisely in the same manner over the 
surface. There are also several ways of proving by 
direct experimenl this very important fact. Let a hollow 
metal ball, having an aperture at the top, be taken (as in 
Fig. 1 8), and set upon an insulating stem, and charged 
by sending into it a few sparks &om an electrophorus. 
TTie absence of any charge in the interior may be shown 
as follows : — In order to observe the nature of the 
electricity of a charged body, it is convenient to have 
some means of removing a small quantity of the charge 
as a sample for examination. To obtain such a sample, 
a little instrument known as a proof-plane is employed 
It consists of a httle disc of sheet copper or of gilt paper 
fixed at the end of a small glass rod. If this disc ts laid 
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on the surface of an electrified body at any point, part 
of the electricity flows into it, and it may be then re- 
moved, and the sample thus obtained may be examined 
with a. Gold-leaf Electroscope in the ordinary way. For 
some purposes a metallic bead, fastened to the end of a 
"it than a flat disc. If such 



scope, the gold leaves will diverge, showing the presence 
of a charge. But if the proof-plane be carefully inserted 
through the opening, and touched against the inside of 
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tlie globe and then withdrawn, it will be found that the 
inside is destitute of electricity. An electrified pewter 
mug will show a similar result, and so will even a 
cylinder of gauze wire. 

30. Blot's experiment.— Biot proved the same iact 
in another way. A copper ball was electrified and 
insulated. Two hollow hemispheres of copper, of a 
larger size, and furnished with glass handles, were then 
placed together outside it (Fig. 19). So long as they 
did not come into contact the charge remained on the 



A 



Fig. 19. 

inner sphere ; but if the outer shell touched the inner 
sphere for but an instant, the whole of the electricity 
passed to the exterior ; and when the hemispheres were 
separated and removed the inner globe was found to be 
completely discharged. 

31. Further explanation. — Doubtless the explana- 
tion of this behaviour of electricity is to be found in 
the property previously noticed as possessed by either 
kind of electricity, namely, that of repelling itself ; hence 
ar as can be from the centre and remains 
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upon the surface. An important proposition concerning 
the absence of electric force within a closed conductor b 
proved in Lesson XX. ; meanwhile it must be noted that 

the proofs, so far, are directed to demonstrate the 
absence of a free charge of electricity in the interior 
of hollow conductors. Many other experiments have 
been devised in proof Thus, Terquem showed that 
a pair of gold leaves hung inside a wire cage could 
not be made to diverge when the cage was elec- 
trified. Faraday constructed a conical bag of linen- 




gauze, supported as in Fig. 20, upon an insulating 
stand, and to which silk strings were attached, by which 
it could be turned inside out. It was chaiged, and 
the charge was shown by the proof-plane and electro- 
scope to be on the outside of the bag. On turning it 
inside out the electricity was once more found outside. 
Faraday's most striking experiment was made with a 
hollow cube, measuring 12 feet each way, built of wood, 
covered with tinfoil, insulated, and charged with a 
powerful machine, so that laige sparks and brushes 
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were darting off from every part of its outer surface; 
Into this cube Faraday took bts most delicate electro- 
scopes ; but once within be &iled to detect the least 
influence upon them. 

aa Applications. — Advantage is taken of this in 
the construction of delicate electrometers and other 
instruments, which can be effectually screened from 
the influence of electrified bodies by enclosing them 
in a thin metal cover, closed all round, except where 
apertures must be made for purposes of observation. It 
has also been proposed by tie late Prof Clerk Maxwell 
to protect buildings from lightning by covering them 
on the exterior with a network of wires. 

33. Apparent Exoeptions. — There are two ap- 
parent exceptions to the law that electricity resides only 
on the outside of conductors, (i) If there are electriBed 
insulated bodies actually placed inside the hollow con- 
ductor, the presence of these electrified bodies acts in- 
ductively and attracts the opposite kind of electricity to 
the inner side of the hollow conductor, (2) When 
electricity flows in a current, it flows through the sub- 
stance of the conductor. The law is limited therefore 
to electricity at test, — that is, to statical charges. 

34. Faraday's " loe-pall " Elzperiment. — One ex- 
periment of Faraday deserves notice, as showing the 
part played by induction in these phenomena. He 
gradually lowered a charged metallic ball into a hollow 
conductor connected by a wire to a gold-leaf electro- 
scope (Fig. 21), and watched the effect. A pewter ice- 
pail being convenient for his purpose, this experiment is 
continually referred to by this name, though any other 
hollow conductor — a tin canister or a silver mug, placed 
on a glass support — would of course answer equally 
welL The following effects are observed; — Suppose 
the ball to have a -n charge : as it is lowered into the 
hollow conductor the gold leaves begin to diverge, for 
Uie presence of the charge acts inductively, and attracts 
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chaise into the interior and repels a + charge to the 
The gold leaves diverge more and more until 
the ball is right within the hollow conductor, after which 
no greater dive:^ence is obtained. On letting the ball 
touch the inside the gold leaves still remain diverging 
as before, and if now the ball is pulled out it is found 
to have lost all its electricity. The fact that the gold 
leaves diverge no wider 
after the ball touched 
than they did just 
before, proves that 
when the charged ball 
is right inside the 
hollow conductor the 
induced charges are 
each of them precisely 
equal in amount to 
its own charge, and the 
interior negative charge 
exactly neutralises the 
charge on the ball at 
the moment when they 
touch, leaving the equal 
exterior charge un- 
*■ "' changed. An tUctric 

cage, such as this ice-pail, when connected with an 
electroscope or electrometer, affords an excellent means 
of examining the charge on a body small enough to ba 
hung inside it. For without using up any of the charge 
of the body (which we are obliged to do when applying 
the method of the proof-plane) we can examine the 
induced charge repelled to the outside of the cage, 
which is equal in amount and of the same sign. 

36. Distribution of Oharge. — A charge of elec- 
tricity is not usually distributed uniformly over the 
surfaces of bodies. Experiment shows that there is 
more electricity on the edges and comers of bodies than 
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upOD their flatter parts. This distributioD can be de- 
duced from the theory laid down in Lesson XX., but 
meantime we will give some of the chief cases as they 
can be shown to exist. The term Eleotrio Density is 
used to signify the amount of electricity at any point of 
a surface ; the electric density at a point is the number 
of units of eltctridiy per unit of area (i.e. per square 
inch, or per square centimetre), the distribution being 
supposed uniform over this small surface. 

(a) Sphere. — The distribution of a charge over an 
insulated sphere of conducting material is uniform, 
provided the sphere is remote from the presence of all 
other conductors and all other electrized bodies ; or, in 



other words, the density is uniform all over it This is 
symbolised by the dotted line round the sphere in Fig. 
23, a, which is at an equal distance from the sphere all 
round, suggesting an equal thickness of electricity at 
every point of the surface. It must be remembered 
that the charge is not really of any perceptible thickness 
at all ; it resides on or at the siwfece, but cannot be 
said to form a stratum upon it. 

(b) OyUnder with rounded ends. — Upon an 
elongated conductor, such as is frequently employed in 
electrical apparatus, the density is greatest at the ends 
where the curvature of the surface is the greatest. 
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(o) Two Spheres in oontaot. — If two spheres in 
contact with each other are insulated and chained, it is 
found that the density is greatest at the parts &ithest 
from the point of contact, and least in the crevice 
between them. If the spheres are of unequal sizes 
the density is greater on the smaller sphere, which has 
the suiiace more curved. On an ^nc-Bhaped or pear- 
Ediaped conductor the density is greatest at the small 
end. On a ooDe the density is greatest at the apex ; 
and if the cone terminate in a sharp point the density 
there is very much greater than at any other point. At 
a point, indeed, the density of the collected electricity 
may be so great as to electrify the neighboiu-ing particles 
of air, which then are repelled, thus producing a con- 
tinual loss of charge. For this reason points and sharp 
edges are always avoided on electrical apparatus, except 
where it is specially desired to set up a dischai^. 

(d) Flat Disc — The density of a charge upon a 
flat disc is greater, as we should expect, at the edges 
than on the flat surfaces ; but over the flat surfaces the 
distribution is feirly uniform. 

These various facta are ascertained by applying a 
small proof-plane successively at various points of the 
electrified bodies and examining the amount taken up by 
the proof-plane by means of an electroscope or electro- 
meter. Coulomb, who investigated mathematically as 
well as experimentally many of the important cases of 
distribution, employed the torsion balance to verify his 
calculations. He investigated thus the case of the 
ellipsoid of revolution, and found the densities of the 
charges at the extremities of the axis to be proportional 
to the lengths of those axes. He also showed that the 
density of the charge at any other point of the surface of 
the ellipsoid was proportional to the length of the per- 
pendicular drawn from the centre to the tangent at that 
point. Riess also investigated several interesting cases 
of distributioa He found the density at the middle of 
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the edges of a cube to be neariy two and a half times 
as great as the density at the middle of a &ce ; while 
the density at a comer of the cutie was more than four 
times as great. 

36. Bedlstributlon of Oharee, — If any portion 
of the charge of an insulated conductor he removed, the 
remainder of the charge wiU immediately redistribute 
itself over the surface in the same manner as the original 
charge, provided it be also isolated, i.e., that no other 
conductors or charged bodies lie near to perturb the 
distribution by complicated effects of induction. 

If a conductor be charged with any quantity of elec- 
tricity, and another conductor of the same size and shape 
(but uncharged) be brought into contact with it for an 
instant and then separated, it will he found that the 
charge has divided itself equally between them. In the 
same way a charge may be divided equally into three or 
more parts by being distributed simultaneously over three 
or more equal and similar conductors brought into contact 

If two equal metal balls, suspended by silk strings, 
charged with unequal quantities of electricity, ar« 
brought for an instant into contact and then separated, 
it will be (bund that the charge has redistributed itseli 
lairly, half the sum of the two charges being now the 
charge of each. . This may even be extended to the 
case of charges of opposite signs. Thus, suppose two 
similar conductors to be electrified, one with a positive 
charge of 5 units and the other with 3 units of negative 
charge, when these are made to touch and separated, 
each will have a positive chaige of i unit ; for the 
algebraic sum of + 5 and — 3 is + 2, which, shared 
between the two equal conductors, leaves + i for each. 

87. Oapaolt; of Oondtiotors. — If the conductors 
be unequal in size, or unlilte in form, the shares taken 
by each in this redistribution will not be equal, but 
will be proportional to the electric capacities of the 
conductorsL The definition of oapaolty in its relation 
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to electric quantities is given in Lesson XX., Art. 346. 
We may, however, make the remark, that two insulated 

conductors of the same form, but of different siies, differ 
in their electrical capacity; for the larger one must 
have a larger amount of electricity imparted to it in 
order to electrify its surface to the same degree. The 
term potential is employed in this connection, in the 
following way : — A given quantity of electricity will 
electrify an isolated body up to a certain " potential " 
(or piower of doing electric work) depending on its 
capacity. A large quantity of electricity imparted to a 
conductor of small capacity will electrify it up to a 
very high potential; just as a large quantity of water 
poured into a vessel of narrow capacity will raise the 
surface of the water to a high level in the vessel. The 
exact definition of Potential, in terms of energy spent 
against the electrical forces, is given in the Lesson on 
Electrostatics (Art. 237). 

It will be found convenient to refer to a positively 
electrified body as one electrified to a positive or high 
potential; while a negatively electrized body may be 
looked upon as one electrified to a low or negative 
potential. And just as we take the level of the sea 
as a zero level, and measure the heights of mountains 
above it, and the depths of mines below it, using the 
sea level as a convenient point of reference for differ- 
ences of level, so we take the potential of the earth's 
surface (for the surface of the earth is always electrified 
to a certain degree) as sero potential, and use it as a 
convenient point of reference from which to measure 
differences of electric potential- 

Lesson v. — Electrical Machines, 

38. For the purpose of procuring larger supplies of 
electricity than can be obtained by the rubbing of a rod 
of glass or shellac, electrical machines have been 
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devised. All electrical machines consist of two parts, 
one for producing, the other for collecting, the electricity. 
Experience has shown that the quantities of + and — 
electrification developed by fnction upon the two snriaces 
rubbed against one another depend on the amount of 
friction, upon the extent of the surfaces rubbed, and also 
apon die nature of the substances used. If the two 
substances employed are near together on the list of 
electrics given in Art. 5, the electrical effect of mbbing 
them together will not be so great as if two substances 
widely separated in the series are chosen. To obtain 
the highest effect, the most positive and the most 
negative of the substances convenient for the construc- 
tion of a machine should be taken, and the greatest 
available surface of them should be subjected to friction, 
the moving parts having a sufficient pressure against one 
another compatible with the required velocity. 

The earliest form of electrical machine was devised 
by Otto von Guericke of Magdeburg, and consisted of 
a globe of sulphur fixed upon a spindle, and pressed 
with the dry surface of the hands while being made to 
rotate ; with this he discovered the existence of electric 
sparks and the repulsion of similarly electrified bodies. 
Sir Isaac Newton replaced Von Guericke's globe of 
sulphur by a globe of glass. A little later the form of 
the machine was improved by various German electri- 
cians ; Von Bose added a collector or " prime con- 
ductor," in the shape of an iron tube, supported by a 
person standing on cakes of resin to insulate him, or 
suspended by silken strings ; Winckler of Leipzig sub- 
stituted a leathern cushion for the hand as a rubber ; 
and Gordon of Erfurth rendered the machine more easy 
of construction by using a glass cylinder instead of a 
I»la3s globe. The electricity was led from the excited 
cylinder or globe to the prime conductor by a metallic 
chain which hung over against the globe. A pointed 
Collector was not employed until after Franklin's famous 
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researches oa the action of points. About 1760 De 
la Fond, Planta, Ramsden, and Cuthbertson, constructed 
machines having glass plates instead of cylinders. The 
only important modificatians introduced since their time 
are the substitution of ebonite for glass, and the inven- 
tion of machines depending on the principles of induc- 

38. The 07linder Eleotrlcal Macblne. — The 

Cylinder Electrical Machine, as usually constructed, 
consists of a glass cylinder mounted on a horizontal axis 
capable of being turned by a handle. Against it is 
pressed from behind a cushion of leather stuffed with 
horsehair, the sur&ce of which is covered with a 
powdered amalgam of zinc or tin, A flap of silk attached 
to the cushion passes over the cylinder, covering its 
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upper half. In front of the cylinder stands the "prime 
conductor," which is made of metal, and usually of the 
form of an elongated cylinder with hemispherical ends, 
mounted upon a glass stand. At the end of the prime 
conductor nearest the cylinder is fixed a rod bearing a 
row of line metallic spikes, resembling in form a rake ; 
the other end usually carries a rod terminated in a brass 
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ball or knob. The general aspect of the machine is 
shown in Fig. 23, When the handle is turned the 
friction between the glass and the amalgam -coated 
surface of the rubber produces a copious electrical 
action, electricity appearing as a .{■ chaise on the glass, 
leaving the rubber with a — charge. The prime con- 
ductor collects this charge by the following process : — 
The + charge being carried round on the glass acts 
inductively on the long insulated conductor, repelling a 
+ charge to the far end ; leaving the nearer end — ly 
charged. The effect of the row of points is to drive off 
in a continuous discharge — ly electrified air towards the 
attracting -|- charge upon the glass, which is neutralised 
thereby ; the glass thus arrivicg at the rubber in a 
neutral condition ready to be again excited. This action 
of the pioiDts is sometimes described, though less cor- 
rectly, by saying that the points collect the + electricity 
from the glass. If it is desired to collect also the — 
charge of the rubber, the cushion must be supported on 
an insulating stem and provided at the back with a 
metallic knob. This device, permitting either kind of 
charge to be used at will, is due to Nairne. It is, how- 
ever, more usual to use only the + charge, and to 
connect the rubber by a chain to " earth," so allowing 
the — chaise to be neutralised, 

40. The Plate Meotrlofd Uaohlne. — The Plate 
Machine, as its name implies, is constructed with a 
circular plate of glass or of ebonite, and is usually pro- 
vided with two pairs of rubbers formed of double 
cushions, pressing the plate betiveen them, placed at its 
highest and lowest point, and provided with silk flaps, 
each extending over a quadrant of the circle. The prime 
conductor is either double or curved round to meet the 
plate at the two ends of its horizontal diameter, and is 
(iimished with two sets of spikes, for the same purpose 
as the row of points in the cylinder machine. A 
common form of plate machine is shown in Fig. 24. 
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The action of the machine is, in all points of theoretical 

interest, Che same as that of the cyhndet machine. Its 

advantages are that a large glass plate is more easy to 

construct than a large glass cylinder of perfect form, and 

that the length along the surface of the glass between the 

collecting row of points and the edge of the rubber 

cushions is greater 

in the plate than in 

the cylinder for the 

face exposed to fric- 
tion ; for, be it re- 
marked, when the 
two electricities thus 
separated have col- 
lected to a certain 
extent, a discharge 
) will take place along 
j this surface, the 
I length of whichlimits 
therefore the power 
of the tnachine. In 
"■ "** a more modem form, 

due to Le Roy, and modified by Winter, there is but one 
rubber and flap, occupying a little over a quadrant of the 
plate, and one collector or double row of points. In 
Winter's machine the prime conductor consists of a ring- 
shaped body, for which the advantage is claimed of 
collecting larger quantities of electricity than the more 
usual sausage - shaped conductor. Whatever advantage 
the form may have is probably due to the curvature of 
its surface being on the whole greater than that of the 
commoner form, 

41. Electrtcal Amnlgram — Canton, finding glass 
to be highly electrified when dipped into dry mercury, 
su^ested the employment of an amalgam of tin with 
mercury as a suitable substance wherewith to cover the 
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surface of the rubbers. An amalgam of zinc is aisc 
effective ; though still better is Kienmayer's amalgam, 
consisting of equal parts of tin and zinc, mixed while 
molten with twice their weight of mercury. Bisulphide 
of tin (" mosaic gold ") may also be used. These 
amalgams are applied to the cushions with a little stiff 
grease. They serve the double purpose of conducting 
away the negative charge separated upon the rubber 
during the anion of the machine, and of affording as a 
rabber a substance which is more powerfully negative 
(see list in Art. 5) than the leather or the silk of the 
cushion itsel£ Powdered graphite is also good. 

42. Preoautlona In nslnfr Electrical Machlnea 
— Several precautions must be observed in the use of 
electrical machines. Damp and dust must be scrupu- 
lously avoided. The suri^e of glass is hygroscopic, 
hence, except in the driest climates, it is necessary to 
warm the glass surfaces and rubbers to dissipate the 
film of moisture which collects. Glass stems for in- 
sulatfon may be varnished with a thin coat of shellac 
varriish, or with paraffin (solid). A few drops of 
anhydrous paraffin (obtained by dropping a lump of 
sodium into a bottle of paraffin oil), applied with a bit of 
flannel to the previously warmed surfaces, hinders the 
deposit of moisture. An electrical machine which has 
not been used for some months will require a fresh coat 
of amalgam on its rubbers. These should be cleaned 
and wanned, a thin uniform layer of tallow or other stiff 
grease is spread upon them, and the amalgam, previously 
reduced to a fine powder, is sifted over the surface. 

All points should be avoided in apparatus for 
fiictional electricity except where they are desired, like 
the " collecting " spikes on the prime conductor, to let off 
a chai^ of electricity. All the rods, etc., in fractional 
apparatus are therefore made with knobs, so as to avoid 
sharp edges and points. 

48. BxpeoimentB witb tbe Uleotrioal MaoMne. 
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— With the abundant supply of electricity afforded by 
the electrical machine, many pleasing and instructive 
experiments are possible. The phenomena of attrac- 
tion and repulsion can be 
shown upon a large scale. 
Fig. 25 represents a device 
' known as the electric 
chimes,' in which two small 
brass balls hung bysilkstrings 
set in motion and strike 
against the bells between 
which they are hung. The 
\ outer bells are hung by 
' metallic wires or chains to 
the knob of the machine. 
The third bell is hung by a 
silk thread, but communi- 
cates with the ground by a 
*■ '^ brass chain. The balls are 

first attracted to the electrified outer bells, then repelled, 
and, having discharged themselves against the uninsul- 
ated central bell, are again attracted, and so vibrate to 
and fro. 

By another arrangement small figures or dolls cut out 
of pith can be made to dance up and down between a 
metal plate hung horizontally from the knob of the 
machine, and another flat plate an inch or two lower and 
communicating with " earth." 

The effect of points in discharging electricity from 
the surface of a conductor may be readily proved by 
numerous experiments. If the machine be in good 
working order, and capable of giving, say, sparks four 
inches long when the knuckle is presented to the knob, 
it will be found that, on fastening a fine pointed needle 

1 InrenUd in 1751 by Prsnklin, for th: putpoK of waminE him of Iha 
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to the conductor, it discharges the electricity so effect- 
ually at its point that only the shortest sparks can he 




drawn at the knob, while a fine Jet or hmsh of pale 
blue light will appear at the point. If a lighted taper 
be held in front of the point, 
the flame will be visibly blown • 
aside (Fig. 26) by the stre; 
of electrified air repelled from 
the point. These air-cufrenCs 
can be felt with the hand. 
They are due to a mutual re- 
pulsion between the electrified 
air-particles near the point and 
the electricity collected on the 
point itself. That this mutual 
reaction exists is proved by 
the electrio fly or electric 
reaction -mill of Hamilton 
(Fig. 27), which consists of '"«■''■ 

a light cross of brass or straw, suspended on a pivot, 
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and having the pointed ends bent round ax right 
angles. When placed on the prime conductor of the 
machine, or joined to it by a chain, the force of 
repulsion between the electricity of the points and that 
on the air immediately in front of them drives the 
mill round in the direction opposite to thai in which the 
points are bent. 

Another favourite way of exhibiting electric repulsion 
is by means of a doll with long hair placed on the 
machine ; the individual hairs stand on end when the 
machine is worked, being repelled Irom the head, and from 
one another. A paper tassel will behave similarly ii 
hung to the prime conductor. The most striking way 
of showing this phenomenon is to place a person upon 
a glass-le^ed stool, making him touch the knob of 
the machine ; when the machine is worked, hb hair, 
if dry, will stand on end. Sparks will pass freely 
between a person thus electrified and one standing 
upon the ground. 

The sparks from the machine may be made to kindle 
spirits of wine or ether, placed in a metallic spoon, 
connected by a wire, with the nearest metallic conductor 
that runs into the ground. A gas jet may be lit by 
passing a spark to the burner from the finger of the per- 
son standing, as jusl described, upon an Insulating stooL 

44. Armstrons'B Hydro-Bleotrloal Maolime. — 
The friction of a jet of steam issuing from a boiler, 
through a wooden nozzle, generates electricity. In 
reality it is the particles of condensed water in the jet 
which are directly concerned. Sir W. Armstrong, who 
investigated this source of electricity, constructed a 
powerful apparatus, known as the hydro -eleotrioal 
machine (Fig. 38), capable of producing enormous 
quantities of electricity, and yielding sparks five or six 
feet long. The collector consisted of a row of spikes, 
placed in the path of the steam jets issuing from the 
nonles, and was suuported, together vrith a brass ball 
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which served as prime-conductor, upon a glass pillar. 
The nozzles were made of wood, perforated with a 
crooked passage in order to increase the friction of 
the jet against the sides. 



Fig.iB. 

46. Convection -Induction HacUneB.— There Is another 
class of electrical machine, diSeriag entirely from those we have 
been describing, and dependmg opon the employment of a small 
initial chaige which, acting inductively, produces other cliarges, 
which are then cotaieyed b; the moving paJts of the machine to 
some other point wheie the; can increase the initial charge, or 
ftunish a supply of electricity to a suitable collector. Of such 
instruments the oldest is the Electiophorns of Volta, explained 
fully in Lesson III. Bennet, Nicholson, Darwin, and others. 
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devised pieces of apparatus foi accomplishing by mechanism that 
which the electiophorus accomplishes by hand. Nichobon'a 
tevolving doubler consists of il revolving appoiatus, in which 
an insulated carrier can be brought into the presence of an 
electrified body, there touched for an inslant to remove 1U 
repeUed electricity, then carried forward with its acquired charge 
'towards another body, to which it imparts its charge, and which 
in turn acts inductively on it, giving it an oppo^te cbai^ which 
it can convey to the first body, thus increasing its initial cha^e 
at every rotation. Similar instruments have been contrived by 
Varley, Sir W. Thomson (the " replenisher"), Tiipler, dni, 
and Holti. The two latter are perfectly continuous in theii 
action, and have been well described as centinutus eUetrepheri. 
The machine of Holti bos come into such general ute as to 
deserve explanation. 

46. Holtz's InSnence Machine. — The action of this machine 
is not alti^thei easy to grasp, though in reality simple enough 
when carefully explained. The miLchine in \\s latest form 
condsts (see Fig. 29] of two plates, one, A, fixed by its edges ; 
the other, B, mounted on an axis, and requiring to be rotated 
at a high speed by a band and driving pulley. There are two 
holes or windows, P and F', cut at opposite points of the fiied 
plate. Two pieces varnished paper, /and f, are fastened to the 
plate above the window on the left and below the one on the 
right These pieces of paper or armatures aje upon the side of 
the fixed plate away from the movable disc, or, as we may say, 
upon the hack of the plate. They are provided with narrow 
tongues which project forward through the windows towards the 
movable disc, wluch they nearly touch with their protruding 
points. The disc must rotate in the opporite direction to that 
b which these tongues point. On the front side of the moving 
disc, and opposite the fonvard edges of the two oxmatures, 
stands an oblique metal conductor, D, which need not be 
insulated. It has metal combs or spikes projecting towards the 
disc. On the right and left, supported on insulating holders, 
are two horiiontal metal comln, joined to two metal rods 
terminated with brass balls, m, n, which in this form of machine 
merely constitute a discharging apparatus and are not concerned 
in the action of the machine. In some forms of Holtz machine 
there is no diagonal condnctor D ; and as the dischaigii^ 
apparatus has then to serve both functions, the balls m, n, must 
In these foims of machine touch one another before the machine 
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will chai^ itself. To work the machine a small initial charge 
most be given by an electiophoms, or by a nibbed glass tod, lo 
one of the two armatures. The disc is then rapidly rotated ; 
and it is found that 
after a few turns 
the eiettion required 
to keep up the lo- 

greatly j at the same 
moment pale-Uue 
bmshes of light are 

the points, and, on 

t separating tbe brass 



ing space. The 
actionofthemachine 
"'•^ is as follows. Sup. 

pose a small + charge to be impaited at the outset to the right 
armatvirey ; this chaise acts inductively across the intervening 
glass and air upon the comb at the lower end of the diagonal 
conductor D, repels electricity through D, leaving the lower 
points n^iatively electrified. These discharge negatively 
electrified air upon the front surface of the movable disc, while 
the repelled + charge passes up along D, and is dischaiged 
through the upper comb upon the front face of the movable 
disc. Here it acts inductively upon the paper armature /, 
causing (hat part which is opposite the comb (o be negatively 
charged, and repelling a + charge into its ferthest part, viz. into 
the tongue, which slorfly discharges a + chaige upon the back 
of the moving disc If now the disc be turned round, this + 
charge on the back comes over, in the direction indicated by the 
arrow, from the left to the right side ; and, when it gets opposite 
the right tongue, is discharged into the armature/", increasing 
its charge, and thereby helps -that armature to act still more 
strongly than before. Meantime the - charge, which we saw 
had been uiduced in tbe left armature /.has in turn reacted on 
the upper comb, causing it to emit more powerfully than before 
a + charge from its points, and drawing electricity through the 
diagonal rod. The combs at the two ends of this rod therefore 
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both emit electiitied streams of air, the upper one charging the 
apper paition of the front of the rotating disc positively, the 
lowei one charging the lower portion of the disc nE^lively. 
The hack of the rotating disc is at the same time similarly 
chained ; and the charges carried round on the back suriace 
serve (o increase the chaises on the two armatures. Hence a 
very small initial chaige is speedily raised to a maximum, the 



1^.1190. 
limit being reached when the electrification of the a 
so great that the leakage of electricity at their surface equals 
the gain by induction and convectbn. The chaises let off by 
the spikes of the diagonal conductor upon the front surface c^ 
the moving disc are carried round and discharged into the right 
and left conductors of the discharging apparatus, by means of 
the horizontal combs which collect the charges exactly as ex- 
plained on p. 43. Two small Leyden jars are usually added 
to incieBse the density of the sparks that pass between m and n. 
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In some recent Hollz machines, a. number at loUtit^ diaei 
(iKed upon one common axil aie employed, and the whole ii 
enclosed in a glass case to prevent access of damp. A small 
disc of ebonite is non usually liied to the axis, and prorided 
with a rubber in order to keep up the initial charge. Holtz has 
lately constructed a machine with thirty-two plates. 

MaGcart hu flhown ibe mteresling FacI thai the Hdttz machine it rtvtrsiKt 
in ilsaclioD; that is to ay, Ihat if a CDnlinuDIUlupplyDf the IwgclKtricitia 
(fumisfaed b; another nuchine) b« communicated to the annaluiu, the 
iDorablB plate will ht iherfby set in fnCalioii, and will turn iq an opposite 

a voltaic batteiy, the slrengUi of the current befng nearly proportional to 
the Telocity of rotatian. It wasfimnd that the electromolive force of a machbs 
wasequa] to thatof ^.ODoDanieD's cells, or nearly 53,t»i> volts, al all speeds. 
The reaistaoce, when the tnachine made tao revolutions per minute, was 

Voss has lately constructed a Kimpte biachiDC very like Flf. ag, but on 
TOplcT'i plan, havmg small metallic buttons affiled to the front of the rotatine 
plate, these buttons beinE lightly touched, while rotating, by Email metM 
brushes fiscd upon the oomtfl, thus prDvlding by friction a minute initial 
char^ In this machine there are no windows, hut small metal arniA attached 
to the paper armatures and furnished with small bmshes of metal ivA are 
brought round to the front of the rotating ^late, and touch the buttons as they 
pass. The buttons therefote act as earners of charges that ate indaced in 
them by their beine touched whilst imder inductive influence. 

46 {liii). WimshnlBt'a Influence Machine. — Still more 
receot is the machine of Wimshuist (Fig. 393) in which the 
two plates rotate in opposite directions. Each plate has a 
scries ol small slips of tiui metal foil upon it, which serve both 
as carriers and as armatures. There are two uninsulated 
diagonal conductors at the front and back ; and two insulated 
collecting combs at the right and left, connected with a 
discharging apparatus. Each little carrier is touched by an 
uninsulated brush as it passes opposite the charged carrier o( 
the other disc, and each thereby has a charge induced in it 
which it carries over to the collecting comb on the right or lefi. 

Lesson VI. — The Liyden Jar and other condensers, 
47. It was shown in previous lessons that the opposite 
charges of electricity attract one another ; that electricity 
cannot flow through glass ; and that yet electricity can 
act across glass by induction. Two suspended pith- 
balls, one electrified positively and the other negatively. 
will attract one another across the intervening air. If 
a plate of glass be put between them they will still 
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attract one another, though neither they themselves nor 
the electric charges on them can pass through the glass 
If a pith-ball eleariHed with a - charge be hung inside a 
dry glass bottle, and a rubbed glass rod be held outside, 
the pith-ball will rush to the side of the bottle nearest to 
the glass rod, being attracted by the -t- charge thus 
brought near it If a pane of glass be taken, and apiece 
of tinfoil be stuck upon the middle^ of each face of the 
pane, and one piece of tinfoil be charged positively, 
and the other negatively, the two charges will attract 
one another across the glass, and will no longer be found 
to be free. If the pane is set up on edge, so that neither 
piece of tinfoil touches the table, it will be found that 
hardly any electricity can be got by merely touching either 
of the foils, for the charges are " bound," so to speak, 
by each other's attractions ; each chaise is indudng the 
other. In fact it will be found that these two pieces of 
tinfoil may be, in this manner, charged a great deal 
more strongly than either of them could possibly be 
if it were stuck to a piece of glass alone, and then elec- 
triiied. In other words, the capacity of a conductor is 
greatly increased when it is placed near to a conductor 
electrified with the opposite kind of charge. If its 
capacity is increased, a greater quantity of electricity 
may be put into it before it is charged to a high degree 
of potential. Hence, such an arrangement for holding 
a large quantity of electricity may be called a con- 
denser or acotunulator of electricity. 

48. Condensers. —Next, suppose that we have two 
brass discs, A and B (Fig. 30), set upon insulating 
stems, and that a glass plate is placed between them. 
Let B be connected by a wire to the knob of an electrical 
machine, and let A be joined by a wire to " earth." The 
+ charge upon B will act inductively across the glass 
plate on A, and will repel electricity into the earth, 
leaving the nearest face of A negatively electrified. 
This - charge on A will attract the + charge of 
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B to the side i 
electricity will c 
rangement will become an accumulator or condenser. 
If the two brass discs are pushed up close to the glass 
plate there will be a still stronger attraction between the 
+ and — charges, because they are now nearer one 
another, and the inductive action will be greater ; hence 
a still latter quantity can be accumulated in the plates. 
We see then that the capacity of an accumulator is 
increased by bringing the plates near together. If 
now, while the discs are strongly charged, the wires 
are removed and the discs are drawn backwards- 
from one another, the two charges will not hold 
one another bound so strongly, and there will be more 
free electrification 
than before 
their surfaces. This 
would be rendered 
evident to 
perimenter by the 
little pith-ball elec- 
troscopes fixed i 
them (see the Fig.), 
which would fly o 
as the brass discs 

were moved apart. We have put no further charge on 
the disc B,andyet,from the indications of the electroscope, 
we should conclude that by moving it away from disc A 
it has become electrified to a higher degree. The fact is, 
that while the conductor B was near the — charge of A 
the capacity of B was greatly increased, but on moving 
it away from A its capacity has diminished, and hence 
the same quantity of electricity now electrifies it to a 
higher degree than before. The presence, therefore, of 
an earth -connected plate near an insulated conductor 
increases its capacity, and permits it to accumulate a 
greater charge by attracting and condensing the elec- 
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tricity upon the bee nearest the earth-plate, the surface- 
density on this &ce being therefore very great. Such 
an arrangement is sometimes called a condenser, some- 
times an aoomnulator. We shall call such an arrange- 
ment a condenser when the object of the earth-connected 
plate is to increase the surface-density of the charge 
upon one face of the insulated conductor. The term 
accumulatof is now more of^eu applied to batteries for 
storing the energy of electric currents (Art. 4 1 5). 

The stratum of air between the two discs will suffice 
to insulate the two charges one from the other. The 
. brass discs thus separated by a stratum of air constitute 
an air-oondenser. Such condensers were first devised 
by Wilke and Aepinus. 

46. Dleleotrtos. — In these experiments the sheet of 
glass or layer of Eur plays an important part by permitting 
the inductive electric influences to act across or through 
them. On account of this property these substances 
were termed by Faraday dleleotrics. All dielectrics 
are insulators, but equally good insulators are not neces- 
sarily equally good dielectrics. Air and glass are far better 
insulators than ebonite or paraffin in the sense of being 
much worse conductors. But induction takes place better 
across a slab of glass than across a slab of ebonite or 
paraffin of equal thickness, and better sti!! across these 
than across a layer of air. In other words, glass is a 
better dleleotrlo than ebonite, or paraffin, or air. 
Those substances which are good dielectrics are said to 
possess a high inductive capacity. 

60. Oapaoity of a Oondenaer. — It appears, 
therefore, that the capacity of a condenser will depend 

( 1 ) The size and form of the metal plates or coatings. 

(2) The thinness of the stratum of dielectric between 

them ; and 

(3) The inductive capacity of the dielectria 

61. The Le7ddn Jar.— The Leyden Jar, called afler 
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the dty where it was invenled, is a convenient . form of 
condenser. It usually consists {Fig. 31) of a glass jar 
coated up to a certain height on the inside and outside 
with tinfoil. A brass knob 
fixed on the end of a stout 
brass wire passes downward 
through a lid or top of dry 
well -varnished wood, and 
communicates by a loose bit 
of brass chain with the inner 
coating of foil. To charge 
the jar the knob is held to 
the prime conductor of an 
electrical machine, the outer 
coating being either held in ''''' ^' 

the hand or connected to " earth '' by a wire or chain. 
When a + charge of electricity is imparted thus to the 
inner coating, it acts inductively on the outer coating, 
attracting a — charge into the face of the outer coating 
nearest the glass, and repelling a + charge to the outside 
of the outer coating, and thence through the hand or wire 
to earth. Afier a few moments (he 
jar will have acquired its full charge, 
the outer coating being - and the 
inner +. If the jar is of good glass, 
and dry, and free from dust, it will 
retain its charge for many hours or 
days. But if a path be provided by 
which the two mutually attracting 
electricities can flow to one another, 
they will do so, and the jar will be 
\ instantaneously discharged. If the 
„. outer coating be grasped with one 

■ ^'' hand, and the knuckle of the other 

hand be presented to the knob of the jar, a bright 
spark will pass between the knob and the knuckle 
with a sharp repfort, and at the same moment a convulsive 
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" shock " will be communicated to the muscles of the 
wrists, elbows, and shoulders. A sifer means of dis- 
charging the jar is afforded by the dlBobarsins touge 
or disobarger (Fig. 32), which consists of a jointed 
brass rod provided with brass knobs and a glass handle. 
One knob is laid against the outer coaling, the other is 
then brought near the knob of the jar, and a bright 
snapping spark leaping from knob to knob announces 
that the two accumulated charges have flowed together, 
completing the discharge. 

62. Discovery of the Leydeit Jar. — The dis- 
covery of the Leyden jar arose from the attempt of 
Musschenbroek and his pupil Cuneus^ to collect the 
supposed electric "fluid" in a bottle half filled with 
water, which was held in the hand and was provided 
with a nail to lead the "fluid" down through the cork 
to the water fronj the electric machine. Here the 
water served as an inner coating and the hand as an 
outer coating to the jar. Cuneus on touching the nail 
received a shock. This accidental discovery created 
the greatest excitement in Europe and America. 

53. Bealdusl Obargea. — If a Leyden jar be 
charged and discharged and then lefi for a little time to 
itself, it will be found on ag^n dischai^ng that a small 
second spark can be obtained. There is in feet a 
residual ohargre which seems to have soaked into the 
glass or been absorbed. The return of the residual 
charge is hastened by tapping the jar. The amount of 
the residual charge varies with the time that the jar has 
been left charged ; it also depends on the kind of the glass 
of which the jar is made. There is no residual charge 
discoverable in an air-condenser after it has once been 
discharged. 

64. Batteries of Leyden Jars. — A large Leyden 
jar will give a more powerful shock than a small one, 

I Ths honour of ttie <nvenli«i of ths jai <• alio claimed &r KlaiH, 
Biifaop nl PomcruuL 
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for a larger chaise can be put into it ; its capacity is 
greater. A Leyden jar made of thin glass has a. 
greater capacity as an accumulator than a thick one of 
the same size; but if it is too thin it will be destroyed 
when powerfully charged by a spark actually piercing 
the glass. "Toughened" glass is less easily pierced 
than ordinary glass, and hence Leyden jars made 
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of it may be made thinner, and so will hold a greater 
charge. 

If, however, it is desired to accumulate a very great 
charge of electricity, a number of Jars must be em- 
ployed, all their inner coatings being connected together, 
and all their outer coatings being united. This arrange- 
ment is called a Battery of Leyden lare, or Leyden 
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battery, Fig. 33. As it has a lai^e capacity it will 
require a lai^e quantity of elertricity to chat^e it fully. 
When charged it produces very powerful effects; its 
spark will pierce glass readily, and every care must be 
taken to avoid a shock from it passing through the 
person, as it might be fatal. The "Universal Dis- 
charger " as employed with the Leyden battery is shown 
in the ligure. 

S6. Seat of the diai^a — Benjamin Franklin 
discovered that the charges of the 

£ Leyden jar really resided on the 

surfece of the glass, not on the 
metallic coatings. This he proved 
by means of a jar whose coatings 
couid be removed, Fig. 34. The 
jar was charged and placed upon 
an insulating stand. The inner 
coating was then lifted out, and the 
glass jar was then taken out of the 
outer coating. Neither coating 
was found to be electrified to any 
extent, but on again putting the jar 
together it was found to be highly 
charged. The charges had all the 
time remained upon the inner and 
outer surfaces of the glass dielectric. 
56. Dielectric Strain. — Fara- 
I day proved that the medium across 
' which induction takes place really 
F'g- 34- plays an important part in the 

phenomena. It is now known 
that all dieletrics across which inductive actions are at 
work are thereby strained} Inasmuch as a good 
vacuum is a good dielectric, it is clear that it is not 

1 In Ibe tiKl sciences a simiu mcjuis an alteration of ronn or volume 
j^ency which produces h straio- 
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necessarily the material particles of the dielectric snb. 
stance that are thus affected ; hence it is believed that 
electrical phenomena are due to stresses and strains in 
the so-called "Eether," the thin medium pervading all 
matter and all space, whose highly elastic constitution 
enables it to convey to us the vibrations of light though 
it is millions of times less dense than the air. As the 
particles of bodies are intimately surrounded bysether," 
the strains of the "sther" are also communicated to 
the particles of bodies, and they loo suffer a strain. 
The glass between the two coatings of tinfoil in the 
Leyden jar is aaually strained or squeezed between the 
attracting charges of electricity. When an insulated 
charged ball is hung up in a room an equal amount of 
the opposite kind of electricity is attracted to the inside 
of the walls, and the air between the ball and the walls 
is strained (electrically) like the glass of the Leyden 
jar. If a Leyden jar is made of thin glass it may give 
way under the stress ; and when a Leyden jar is dis- 
charged the layer of air between the knob of the jar and 
the knob of die discharging tongs is more and more 
strained as they are approached towards one another, 
rill at last the stress becomes too great, and the layer of 
air gives way, and is " perforated " by the spark that 
discharges itself across. The existence of such stresses 
enables us to understand the residual charge of Leyden 
jars in which the glass does not recover itself all at once, 
by reason of its viscosity, from the strain to which it 
has been subjected. This hypothesis, that eleotrlo 
force acts botosb spaoe In oonsequenoe of the 
transmission of Btressea and strains In the 
medium with which spaoe Is filled, is now entirely 
superseding the old theory of action-at-a-distance, which 
was logically unthinkable, and which, moreover, foiled to 
account for the facts of observation. 
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Lesson VIL — OtAer Sources ofEUctricity. 

67. It was remarked at the dose of Lesson I. 
(p. lo), that Motion was by no means the only source 
of electricity. Some of the other sources will now be 
named. 

68. PerousaioD. — A violent blow struck by one 
substance upon another produces opposite electrical 
states on tbe two surfaces. It is passible indeed to 
draw up a list resembling that of Art. 5, in such an 
order that each substance will take a -f- charge on being 
struck with one lower on the lisL Erman, who drew up 
such a list for a number of metals, remarked that the 
order was the same as that of the thermo-electric series 
given in Article 381. 

69. VibratiCffl. — Volpicelli showed that vibrations 
set up within a rod of metal coated with sulphur or 
other insulating substance, produced a separation of 
electricities at die sur&ce separating the metal from the 
non-conductor. 

60. Disruption and OleaTsee. — If a card be torn 
asunder in the dark, sparks are seen, and the separated 
portions, when tested with an electroscope, will be found 
to be electrical. The linen faced with paper used in 
making strong envelopes and for papter collars, shows 
this very well. Lumps of sugar, crunched in the dark 
between the teeth, exhibit pale flashes of light. The 
sudden cleavage of a sheet of mica also produces sparks, 
and both laminx are found to be electrified. 

dL OrjrstalUsatlon aod SoUdlfloatlon. — Many 
substances, after passing from the liquid to the solid state, 
exhibit electrical conditions. Sulphur fused in a glass 
dish and allowed to cool is violently electrified, as may 
be seen by lifting out the crystalline mass with a glass rod. 
Chocolate also becomes electrical during solidification. 
When arsenic acid crystallises out from its solution in 
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hydrodtloric acid, the fbimation of each crystal is accom- 
panied by a flash of light, doubtless due to an electrica] 
discharge. A curious case occurs when the sulphate of 
copper and potassium is fused in a cniciblt It solidi- 
fies without becoming electrical, but on cooling a litde 
fiirthei the crystalline mass begins to fly to powder with 
an instant evolution of electricity. 

63. Oombustion. — Volta showed that combustion 
generated electricity. A piece of burning charcoal, or a 
burning pastille, such as is used for fumigation, placed in 
connection with the knob of a gold-leaf electroscope, will 
cause the leaves to diverge. 

63. EhraporatiOD. — The evaporation of liquids 
is often accompanied by electrification, the liquid and 
the vapour assuming opposite states. A few drops of a 
solution of sulphate of copper thrown into a hot plati- 
num crucible produce violent electrification as they 
evaporate. 

64. Atmoepherio Electricity. — Closely connected 
with the electricity of evaporation is the atmospheric 
electricity always present in the air, and due, in part 
at least, tn evaporation going on over the oceans. The 
subject of atmospheric electricity is treated of sepa. 
lately in Lesson XXIV. 

66. Preasure. — A large number of substances when 
compressed exhibit electrification on their surface. Thus 
cork becomes + when pressed against amber, gutta- 
percha, and metals ; while it lakes a - charge when 
pressed against spars and animal substances. Abb^ 
Haiiy found that a crystal of calcspar pressed between 
the dry fingers, so as to compress it along the blunt 
edges of the crystal, became electrical, and that it re- 
tained its electricity for some days. He even proposed 
to employ a squeezed suspended crystal as an electro- 
scoptc. A similar property is alleged of mica, topai, 
and fluorspiar. Pressure also produces opposite kinds ol 
electrification at opposite ends of a crystal of tourmaline, 
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and of other crystals mentioned in the next par& 

66. Pyro-eleotriclty. — There are certain crystali 
which, while being heated or cooled, exhibit electrical 
charges at certain regions or poles. Crystals thus 
electrified by heating or cooling are said to be pyro- 
eleotric. Chief of these is the Tourmalines whose 
power of attracting light bodies to its ends after being 
heated has been known for some centuries. It is alluded 
to by Theophrastus and Pliny under the name of Lapis 
Lyncurius. The tourmaline is a hard mineral, semi- 
transparent when cut into thin slices, and of a dark 
green or brown colour, but looking perfectly black and 
opaque in its natural condition, and possessing the power 
of polarising light. It is usually found in slightly irregu- 
lar three-sided prisms which, when perfect, are pointed 
at both ends. It belongs to the "hexagonal" system 
of crystals, but is only hemihedral, that is to say, has 
the alternate faces only developed. Its form is given 
in Fig. 35, where a general view is first shown, the two 
ends A and B being depicted in separate plans. It will 
be noticed that these two ends are slightly different 
from each other. Each is made up of three sloping 
faces terminating in a point. But at A the edges 
between these faces run down to the comers of the 
prism, while in B the edges between the terminal faces 
run down lo the middle points of the long faces of the 
prism. The end A is known as the analogous pole, 
and B as the antilogous pole. While the crystal is 
rising in temperature A exhibits + electrification, B — ; 
but if, after having been heated, it is allowed to cool, 
the polarity is reversed; for during the time that the 
temperature is falling B is + and A is - . If the 
temperature is steady no such electrical effects are 
observed either at high or low temperatures ; and the 
phenomena cease If the crystal be warmed above I Jo* 
C. This is not, however, due, as Gaugain declared, to 



I.] ELECTRICITY AND MAGNETISM. 



the crystal becoming a conductor at that temperature ; 
for its resistance at even higher temperatures is still so 
great as to make it practically a non-conductor. A 
heated crystal of tourmaline suspended by a silk fibre 
may be attracted and repeUed by electrified bodies, or 
by a second heated tourmaline ; the two similar poles 
repelling one another, while the two poles of opposite 
forin attract one another. If ai crystal be broken up, 
each fragment is found to possess also an analogous and 
an antilogous pole. 

67, Many other crystals beside the tourmaline are 
more or less pyro-electric. Amongst these are silicate of 




Fig. 3S. Fig. 36. 

zinc (" electric calamine "), boracite, cane-sugar, quartz, 
tartrate of fiotash, sulphate of quinine, and several others. 
Boracite crystallises in the form shown in Fig. 36, which 
represents a cube having four alternate comers trun- 
cated. The comers not truncated behave as analogous 
poles, the tmncated ones as antilogous. This peculiar 
skew-symmetry or hemihedry is exhibited by all the 
crystals enumerated above, and is doubtless due to the 
same molecular peculiarity which determines their sin- 
gular electric property, and which also, in many cases, 
determines the optical behaviour of the crystal in 
polarised light. 

F 
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es. Ati1tthi.i Electricity. — Several species of crea- 
tures inhabiting the water' have the power of producing 
electric discharges by certain portions of their oi^anism. 
The best known of these are the Torpedo, the Cytn- 
notus, and the Silurus, found in the Nile and the 
Niger. The Baia Torpedo,' or electric ray, of which 
there are three species in- 
habiting the Mediterranean 
and Atlantic, is provided with 
an electric organ on the back 
i of its head, as shown in Fig. 
I 37- This organ consists of 
I laminse composed of polygonal 
f cells to the number of 800 or 
1000, or more, supplied with 
four large bundles of nerve 
fibres ; the under surface of 
the fish is - , the upper + . 
I n the Qynmotufi eleotrious, 
or Surinam eel (Fig. 38), the 
electric organ goes the whole 
length of the body along both 
sides. It is able to give a 
most terrible shock, and is a 
formidable antagonist when it 
has attained its full length of 
5 or 6 feet. Humboldt gives 
a lively account of the combats 
between the electric eels and 
the wild horses, driven by the 
natives into the swamps in- 
* ''■ habited by the Gymnotus. 

Nobili, Matteueci, and others, have shown that nerve- 

' It ii a curious point Ihat the Arabian name for ihe torpedo, ra-ad, 
HEDiSn Ughlnint. Thij ii perhaps not lo curious as that the EUctra at 
the Homeric legends Ehould possess certain qualities that would tend to 
•DtgesI that ihe u B penoniUcadoD of the lishlidng. The nsembluica 
between the dhiks tltdra and tUctrnit (amber) cannot be accidental 
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udtations and muscular contractions of human beings 
also give rise to feeble dischai^es of electricity. 

ng. 38. 

69. EQectilaity of Vegetablea — Buff thouglit he 
detected electrification produced by plant life ; the roots 
suid juicy parts being negatively, and the leaves posi- 
tively, electrified. The subject has, however, been little 
investigated. 

7<X Thenno- electricity. — Heat applied at the 
junction of tvro dissimilar metals produces a flow of 
electricity across the junction. This subject is discussed 
in Lesson XXXIV, on Thermo-electric Current!. 

7X Oontaot of dissimilar Metala. — Volta showed 
tliat the contact of two dissimilar metals produced 
opposite kinds of electricity on the two sui&ces, one 
becoming positively, and the other negatively, electrified. 
This he proved in several ways, one of the most con- 
clusive proofs being that afforded by his condensing 
tUcfroscope. This consisted of a gold-leaf elec- 
troscope combined with a small condenser, A metallic 
plate formed the top of the electroscope, and on this 
was placed a second metallic plate furnished with a 
handle, and insulated from the lower one by being well 
varnished at the surface (Fig. 68). As the capacity of 
such a condenser is considerable, a very feeble source 
may supply a quantity of electricity to the condenser with- 
out materially raising its potential, or causing the gold 
leaves to diverge; But if the upper plate be lifted, the 
capacity of the lower plate diminishes enormously, and 
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the potential of its charge rises as shown by the diverg- 
ence of the gold leaves. To prove by the condensing 
electroscope that contact of dissimilar metals does 
produce electrification, a. small compound bar made of 
two dissimilar metals — say zinc and copper — soldered 
together, is held in the hand, and one end of it is touched 
against the lower plate, the upper plate being placed in 
contact with the ground or touched with the finger. 
When the two opposing charges have thus collected in 
the condenser the upper plate is removed, and the 
diverging of the gold leaves shows the presence of a 
fi-ee charge, which can afterwards be examined to see 
whether it be + or - . For a long time the existence 
of this electricity of contact was denied, or ra.ther it was 
declared to be due (when occurring in voltaic combina- 
tions such as are described in Lesson Xin.)to chemical 
aaions going on ; whereas the real truth is that the 
electricity of contact and the chemical action are both 
due to molecular conditions of the substances which 
come into contact with one another, though we do not 
yet know the precise nature of the molecular conditions 
which give rise to these two effects. I^ter experiments, 
especially those made with the delicate electrometera of 
Sir W. Thomson (Fig. loi), put beyond doubt the reality 
of Volta's discovery. One simple experiment explains the 
method adopted. A thin strip or 
needle of metal is suspended so as 
to turn about a point C. It is elec- 
, trifled from a known source. Under 
it are placed (Fig, 39) two semicir- 
cular discs, or'half-rings of dissimilar 
metals. Neither attracts or repels 
_. the electrified needle until the two are 

' ' ^ brought into contact, or connected by 

a third piece of metal, when the needle immediately turns, 
being attracted by the one that is oppositely electrified, and 
repelled by the one that is similarly electrified with itselt 
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72. Volta found, moreover, that the differences of 
electric potential between the different pairs of metals 
were not all equal. Thus, while zinc and lead were 
respectively + and — to a slight degree, he found zinc 
and silver to be respectively + and - to a much greater 
degree. He was able to arrange the metals in a series 
such that each one enumerated became positively elec- 
trified when placed in contact with one below it in the 
series. Those in italics are added from observations 
made since Volta's time — 

Contact- Series of Metals (in Air), 



Zinc 



Silver. 
Gold. ■ 
Platinum. 
- Graphite (Carbon). 
Though Voita gave rough approximations, the actual 
numerical values of the differences of potential for 
different pairs of metals have only lately been measured 
by Ayrton and Perry, a few of whose results are tabu- 
lated here — 

Difference sT Potential 
(in volti). 
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The difference of potential between zinc and carbon is 
the same as that obtained by adding the successive 
differences, or i 'og volts.' Volta's observations may 
therefore be stated in the following generalised form, 
known as Volta'a Law. The difference of polenHal 
between any two metals is equal to the sum of Ike differ- 
ences of potenticUs between the intervening metals in thi 
contact-series. 

It is most important to notice that the order of the 
metals in the contact -series in air is almost identical 
with that of the metals arranged according to their 
electro-chemical power, as calculated from their chemical 
equivalents and their heat of combination with oxygen 
(see Table, Art. 422 (bis). From this it would appear 
that the difference of potentials between a metal and the 
air that surrounds it measures the tendency of that 
metal to become oxidised by the air. If this is so, and 
if (as is the case) the air is a bad conductor while the 
metals are good conductors, it ought to follow that when 
two different metals touch they equalise their own 
potentials by conduaion but leave the films of air that 
surround them at different potentials. All the exact 
experiments yet made have measured the difference of 
potentials not between the metals themselves, but 
between the air near one metal and that near another 
metal. All this is most important in the theory of the 
voltaic cells. Mr. James Brown has lately demonstrated 
the existence on freshly-cleaned metal surfaces oi JUms 
of liquid or condensed gases, and has shown that 
polished zinc and copper when brought so near that 
their films touch wii! act as a battery. 

73. A difference of potential is also produced by the 
contact of two dissimilar liquids with one another. 

A liquid and a metal in contaa with one another 
also exhibit a difference of potential. 

1 For the defmillon at tht vatl, or unit of difference of polenLid, lee Art 
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A hot metal placed ia contact with a cold piece of 
the same metal also produces a difference of potential, 
electrical separation takmg place across the surface of 



Lastly, it has been shown by Prof. J. J. Thomson that 
the surface of contact between two non-conducting sub- 
stances, such as sealing-wax and glass, is the seat of a 
permanent difference of potentials. 

74. Magmeto-eleetrioity. — Electricity, in the form 
of currents flowing along in wires, can be obtained from 
niagnets by moving closed conducting drcuits in their 
neighbourhood. As this source of electricity yields 
currents rather than statical charges of electricity, the 
account of it is deferred to Lesson XXXVL 

75. Summary, — We have seen in the preceding 
paragraphs how almost all conceivable ^encies may 
produce electrification in bodies. The most important 
of these are friction, heat, chemical action, magnetism, 
and the contact of dissimilar substances. We noted 
that the production of electricity by friction depended 
largely upon the molecular condition of the surfaces. 
We may here add that the difference of potentials pro- 
duced by contact of dissimilar substances also varies 
with the temperature and with the nature of the medium 
{air, vacuum, etc) in which the experiments are made. 
Doubtless this source also depends upon the molecular 
conditions of dissimilar substances being different ; the 
particles at the surfaces being of different sizes and 
shapes, and vibrating with different velocities and with 
different forces. There are {see Art. 10) good reasons 
for thinking that the electricity of friction is really due 
to electricity of contact, excited at successive portions of 
the surfaces as they are moved over one another. But 
of the molecular conditions of bodies which determine 
the production of electricity where they come into con- 
tact, little or nothing is yet known. 
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CHAPTER II 

MAGHSnSU. 

LESSOM VIII, — MagnOif AltracttoH and Repulsion. 

76. Natural VLasoatA or Lodeetooee.— Th« 
name Maffnet {Magna Lapis) was given by th« 
fucients to certain hard black stones found in various 
parts of the world, notably at Magiteda in Asia Minor, 
which possessed the property of attracting to them small 
pieces of iron or steel This magic property, as they 
deemed it, made the magnet-stone &moDs ; but it was 
not until the tenth or twelfth century that such stones 
were discovered to have the still more remarkable pro- 
perty of pointing north and south when hung up by 
a thread. This property was turned to advantage in 
nav^ation, and from that time the magnet received the 
name of Lodestonei (or "leading-stone"). The 
natural magnet or lodestone is an ore of iron, known to 
mineralogists as magnetite and having the chemical 
composition Fe, O,. This ore is found in quantities in 
Sweden, Spain, Arkansas, the Isle of Elba, and other 
parts of the world, though not always in the magnetic 
condition. It frequently occurs in crystals ; the usual 
form being the regular octahedron. 

77. Artiflcial MagnetB. — If a piece of iron, or, 
better still, a piece of hard steel, be rubbed with a lode- 
stone, it will be found to have also acquired the properties 
characteristic of the magnet ; it will attract light bits of 
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iron, and, if hung up by a thread it will point north 
and south. Figures 
40 and 4 1 represent 
a natural lodestone 
and an artificial 
magnet of steel, each 
of which has been 
dipped into ii 
filings ; the filings 
are attracted and 
adhere in tufts. f.gs. 4o■m<I4I- 

78. Dlsoov«rieB of Dr. CHlbert — This was all, or 
nearly all, that was known of the magnet until 1600, 
when Dr. Gilbert published a large number of magnetic 
discoveries in his famous work " De MagneU." He 
observed that the attractive power of a magnet appears 
to reside at two regions, and in a long-sbaped magnet 
these regions, or polea, are usually at the ends (see Figs. 
40 and 41). The portion of the magnet which lies be- 
tween the two poles is apparently less magnetic, and 
does not attract iron-filings so strongly ; and all round 
the magnet, halfway between the poles, there is no 
attraction at all. This region Gilbert called the eauator 
of the magnet, and the imaginary line joining the poles 
he termed the axis. 

70. Matfnetlo Needle. — To investigate more fully 
the magnetic forces a maenetio needle is employed. 
This consists (Fig. 42) of a light needle cut out of steel, 
and fitted with a little cap of brass, glass, or agate, by 
means of which it can be hung upon a sharp point, so 
as to turn with very little fi-iction. It is made into a 
magnet by being rubbed upon a magnet ; and when 
thus magnetised will turn into the north -and -south 
position, or, as we should say, will set itself in the 
"magnetic meridian" (Art. 136). The compass sold 
by opticians consists of such a needle balanced above a 
card marked with the "points of the compass." 
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8a MacTQetio Attractions and Bepulaions. — 
If we take a magnet 
(either natural or 
aitificial) in our hand 
and present the two 
" poles " of it succes- 
sively to the north- 
pointing end of a 
magnetic needle, we 
shall observe that 
one pole of the mag- 
net attracts it, while 
the other repels it. 
(Fig. 43.) If we 
repeat the experi- 
ment on the south- 
pointing end of the 
magnetic needle, we 
shall find that it is 
repelled by one pole 
'*"*" and attracted by 

the other; and that the same pole which attracts the 
north-pointing end 
of the needle re- 
pels the south- 
pointing end. 

If we try a simi- 
lar experiment on 
the magnetic 

needle, using for 
a magnet a second ' 
magnetised needle 




Fig. 43. 



which has previ- 
ously been 

pended, and which has its north-pointing end marked 
to distinguish it from the south-pointing end, we shall 
discover that the N.-pointing pole repels the N. -pointing 
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pole, and that the S.-pointing pole repels the S.-pointing 
pole ; but that a N.-pointing pole attracts and is attracted 
by a S.-pointing pole. 

81. Two h±ndH of Maffnetio Poles. — There would 
therefore appear to be two opposite kinds of magnetism, 
or at any rate two opposite kinds of magnetic poles, 
irtiich attract or repel one another in very mnch the 
same feshion as the two opposite kinds of electricity do ; 
and one of these kinds of magnetism appears to have a 
tendency to move toward the north and the other to 
move toward the south. It has been proposed to call 
these two Idnds of m^netism " north-seeldng magnet- 
ism " and " south-seeking magnetism," but for our pur- 
pose it is sufficient to distinguish between the two kinds 
of poles. In common parlance the poles of a magnet 
are called the "North Pole" and "South Pole" respect- 
ively, and it is usual for the makers of magnets to mark 
the N.-pointing pole with a letter N. It is therefore 
sometimes called the " marked " pole, to distinguish it 
from the S.-pointing or " unmarked " pole. We shall, to 
avoid any doubt,^ call that pole of a magnet which 
would, if the magnet were suspended, tend to turn to the 



the txiHu^te 

pdutlDg pole of ft needle ii attrattrd^ty ta^^attam resMinc neu- the NDith 
Fgle of the Euth, the law of utraction (Out mtliii faia altmcl). •faom ni 
that the** two po]ea are realLy magiieticallT of oppoaite kiiids. Which are 
we (ben b> call north magnetiim T Thalvhichisat the N.poleoflheeiirtlit 
U ao, we muH aaj thai the K.-poindnE poJe of Ihe needle centaini KDth 
magnetism. And if we call that north macnetiam which poijU4 tit the north, 
then we nuBt suppose (bamagneticp^eat the north pole of the earth to have 
■tnih magnetlHD in iL Tn either case there Is (hen a difficnltr. The Chinese 
and Ihe French call the N.-pcnnliOE pole of the needle a uiilh pde, and the 
S.-poindi^ pole a north pole. Sji Wm. Thomson also calls the N.-pointing 
pole a "Tnie South "pole. But common practice e«* the other way, and 
calls the N.-pcqntiPE pole of a magnet [ts ^* Korth " pole. Fv eipei^mcntal 
pDrpoKS it ia lunal to paiot the two poles of a magnet of different coloun, 
the N. -seeking pole being coloured rrd and tlie S.-seeking pole ^Hf ; but 
here again. Htrangely. enough, authorities differ, for in the coUections of 
apparatus at Ihe Boyal Initiiudon and Roynl School of Mines, the coloun 
•n used in exactly the opposite way to this, which is due to Sir G. Airy. 
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north, the "North-seekii^" pole, and the other the 
" South-seeking " pole. 

We may therefore stun op our observations in the 
concise statement : Like magnetic Poles repel one another; 
unlike poles attract one another. This we may call the 
first law of magnetbm. 

82. The two Poles ineeparabla — It is impossible 
to obtain a magnet with only one pole. If we magnetise 
a piece of steel wire, or watch spring, hy rubbing it with 
one pole of a magnet, we shall find that still it has two 
poles — one N.-seeking, the other S.-seebing. And if we 
break it into two parts, each part will still have two 
poles of opposite kinds. 

83. Masnetlo Foroe. — The force with which a 
magnet attracts or repels another magnet, or any piece 
of iron or steel, we shall call magnetic Jorce}^ The 
force exerted by a magnet upon a bit of iron or on another 
magnet is not the same at all distances, the force being 
greater when the m^net is nearer, and less when the 
magnet is &rther off. In fact the attraction due to a 
magnet-pole &lls off inversely as the square of the 
distance from the pole. (See Art. 117.) 

Whenever a force acts thus between two bodies, it acts 
on both of them, tending to move both. A magnet will 
attract a piece of iron, and a piece of iron will attract a 
magnet. This was shown by 
Sir Isaac Newton, who fixed a 
magnet upon a piece of cork and 
floated it in a basin of water 
(Fig. 44), and found that it moved 
across the basin when a piece of 
*■ "■ iron was held near. A compass 

needle thus floated turns round and points north and 
south ; but it does not rush towards the north as a 
whole, nor towards the south. The reason of this will 
be explained later, in Art. 117. 

' S» [rKHKlU OB " Fbtw," Art IJ5. 
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Gilbert suggested that the force of a magnet might be 
measured by making it attract a piece of iron hung to 
one arm of a balance, weights being placed in the scale- 
pan hanging to the other arm ; and he foond, by hang- 
ing the magnet to the balance and placing the iron 
beneath it, that the effect produced was the same. The 
action and reaction are then equal for magnetic forces. 

84. Attraction aorosa bodies. — If a sheet of 
glass, or wood, or paper, be interposed between a magnet 
and the piece of iron or steel it is attracting, it will still 
attract it as if nothing were interposed. A magnet 
sealed up in a glass tube still arts as a magnet Lucre- 
tius found a magnet put into a brass vase attracted iron 
filings through the brass. Gilbert surrounded & magnet 
by a ring of flames, and found it still to be subject to 
magnetic attraction from without. Across water, vacuum, 
and all known substances, the magnetic forces will act ; 
with the single exception, however, that magnetic force 
will not act across a screen of iron or other magnetic 
material. if a small magnet is suspended inside a 
hollow ball made of iron, no outside magnet will affect it 
A hollow shell of iron will therefore act as a magmtie 
cage, and screen the space inside it from magnetic 
influences. 

85. Msicnetio Substanoes. — A distinction was 
drawn by Gilbert between magnets and magnetie 
suistatues. A magnet attracts only at its poles, and 
they possess opposite properties. But a lump of iron 
will attract either pole of the magnet, no matter what 
part of the lump be presented to the magnet. It has no 
distinguishable fixed "poles," and no magnetic "equator." 
A true magnet has poles, one of which is repelled by the 
pole of another magnet. 

86. Other Moffnetio Metals. — Later experimenters 
have extended the list of substances which axe attracted 
by a magnet. In addition to iron (and steel) the follow- 
ing metals are recognised as magnetic : — 



ELEMENTARY LESSONS ON [chap. ii. 



HickA 

Cobalt Cerium. 

and a fevr others. But only nickel and cobalt are at all 
comparable with iron and steel in magnetic power, and 
even they are very &r inferior. Other bodies, sundry salts 
of iron and other metals, paper, porcelain, and oxygen 
gas, are also very feebly attracted by a poweifiil magnet 

87. DiamacmetiBm. — A number of bodies, notably 
bismuth, antimony, phospboTUs, and copper, are repelled 
from the poles o[ a magnet Such bodies are colled 
dtamagtieHc bediess a fiiller account of them will be 
found in Lesson XXVllI. 

88. The Barth a Majtnet. — The greatest of 
Gilbert's discoveries was that of the inherent magnetism 
of the earth. The earth u Uself a great magnet, 
whose "poles" coincide nearly, but not quite, with the 
geographical north and south poles, and therefore it causes 
a freely-suspended magnet to turn into a north and south 
position. The subject of Terrestrial Magtutum is 
treated of in Lesson XII. It is evident from the first 
law of magnetism that the magnetic condition of the 
northern regions of the earth must be the opposite to 
that of the north-seeking pole of a magnetised needle. 
Hence arises the difficulty alluded to on page 75. 

89. Magnetic Induottoo. — Magnetism may be 
ctHnmunicated to a piece of iron, without actual contact 
with a magnet. If a short, thin unm^netised bar of 
iron, be placed near some iron filings, and a magnet be 
brought near to the bar, the presence of the magnet 
will induce magnetism in the iron bar, and it will now 
attract the iron filings (Fig. 45). This inductive action 
is veiy similar to th^ observed in Lesson 111. to take 
place when an electrified body was brought near a non- 
electrified one. The analogy, indeed, goes &rther than 
this, for it is found that the iron bar thus magnetised by 
induction will have two pole* ; the pole nearest to the 
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pole of the inducing magnet being of the opposite kind, 
while the pole at the farther end of the bar is of the 
same kind as the inducing pole. Magnetism can, how- 
ever, only be induced in those bodies which we have 
enumerated as magnetic bodies ; and those bodies in 
which a magnetising force produces a high degree of 
magnetisation are said to possess a high co-efficient 
of magnetisation. It will be shown presently that 
magnetic induction takes place along certain direc- 
tions called lines of magnetic induction, or lines of 
magnetic force, which may pass either through iron 
and other magnetic media, or through air, vacuum, 



glass, or other non-magnetic media : and, since induction 
goes on most freely in bodies of high magnetic suscepti- 
bility, those lines of force are sometimes (though not 
too accurately) said to "pass by preference through 
magnetic matter," or, that " magnetic matter conducts 
the lines of force." 

Although magnetic induction takes place at a distance 
across an intervening layer of air, glass, or vacuum, 
there is no doubt that the intervening medium is directly 
concerned in the transmission of the magnetic force, 
though probably the true medium is the "Eether" of 
space surrounding the molecules of matter, not the 
molecules themselves. 

[;;.i;Ki;,G00gk 
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We now can see why a magnet should attract a not- 
previously-magnetised piece of iron ; it first magnetises 
it by induction and then attracts it : for the neaiest end 
will have the opposite kind of magnetism induced in it, 
and will be attracted with a force exceeding that with 
which the more distant end is repelled. But induction 
precedes attraction. 

80. Betention of Maffnetlsatlon. — Not all mag- 
netic substances can become magnets permanently. 
Lodestone, steel, and nickel, retain permanently the 
greater part of the magnetism imparted to them. Cast 
iron and many impure qualities of wrought iron also 
^_ retain magnetism imperfectly. 
^,.^^H Pure soft iron is, however, only 
y^/KI^L temporarily magnetic The 
^"^^^^f following experiment illustrates 
^•^^^jJl^^B the matter;— Let a few pieces 

y-m^sJl^ H ^ ^^^ -f^y o' ^ **" ^^ i™" 

•^T ^ nails be taken. If one of these 

^^H \ (see Fig. 46) be placed in con- 

1^^ J tact with the pole of a perma- 

I nent steel magnet, it is attracted 

' to it, and becomes itself a tern- 

"*' ^ porary magnet. Another bit of 

iron may then be hung to it, and another, until a chain 

of four or five pieces is built up. But if the steel 

magnet be- removed from the top of the chain, all the 

rest drop oif, and are found to be no longer magnetic. 

A similar chain of steel needles may be formed, but 

. they will retain their magnetism permanently. 

It will be found, however, that a steel needle is more 
difHcult to magnetise than an iron needle of the same 
dimensions. It is harder to get the magnetism into 
steel than into iron, and it is harder to get the magnetism 
out ai steel than out of iron ; for the steel retains the 
magnetism once put into it. This power of resisting 
magnetisation or demagnetisation, is sometimes called 
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coercive force; a much better term, due to Lament, 
is retentivity. The retentivity of hard-tempeted steel 
is great ; that of soft wrought iron is very smalL The 
harder the steel, the greater its retentivity. 

OL Theories of Magnetism. — The student will 
not have &iled to observe the striking analogies between 
the phenomena of attraction, repulsion, induction, etc., 
of magnetism and those of electricity. Yet the two stts 
of phenomena are-quite distinct. A positively electrified 
body does not attract either the North-pointing or the 
South -pointing pole of the magnet as such ; in &ct, it 
attracts either pole quite irrespective of its magnetism, 
just as it will attract any other body. There does 
exist, indeed, a direct relation between magnets and 
currenti of elearicity, as will be later explained. There 
is none known, however, between magnets and stationary 
charges of electricity. 

No theory as to the nature of magnetism has yet 
been placed before the reader, who has thus been told 
the fundamental facts without bias. In many treatises 
it is the &shion to speak of a inaenatio fluid or fluids ; 
it is, however, absolutely certain thai magnetism is not 
afltdd, whatever else it may be. The term, which is a 
relic of bygone times, is only tolerated because, under 
certain circumstances, magnetism distributes itself in 
magnetic bodies in the same manner as an elastic 
fliud would do. Vet the reasons against its being a 
fliud are even more conclusive than in the case of 
electricity. An electrified body when touched against 
another conductor, electrifies the conductor by giving 
up a part of its electricity to it. But a magnet when 
rubbed upon a piece of steel magnetises it vnthout 
giving up or losing any of its own magnetism. A fluid 
cannot possibly propagate itself indefinitely without loss. 
The arguments to be derived from the behaviour of 
a magnet an breaking, and from other experiments 
uanated in Lesson X., are even stronger. No theoiy 
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of magnetism will therefore be propounded ontil these 
facts have been placed before the student 



Lesson IX — Methods o/MaktHg Magtuts. 

93. Magnetisation by Single Touch. — It has 
been so far assumed that bars or needles of steel were 
to be magnetised by simply touching them, or stroking 
them from end toend with the pole of a permanent magnet 
of lodestone or steel. In this case the last touched point 
of the bar will be a pole of opposite kind to that used 
to touch it ; and a more certain etTect is produced if one 
pole of the magnet be rubbed on one end of the steel 
needle, and the other pole upon the other end. There . 
are, however, better ways of magnetising a bar or needle. 

03. Uaffnetisation by Divided Touch. — In this 
method the bar to be magnetised is laid down hoii- 
lontally; two bar magnets are then placed down upon it, 
their opposite poles being together. They are then 
drawn asunder from the middle of the bar towards its 




ends, and back, several times. The bar is then tamed 
over, and the operation repeated, taking care to leave off 
at the middle (see Fig. 47). The process is more 
effectual if the ends of the bar are meantime supported 
on the poles of other bar magnets, the poles being of 
the same names as those of the two magnets above 
them used for stroking the steel bar. 

04. Magnetisation by Double Touch. — Another 
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method, known as double touch, differs slightly frotn 
that last described. A piece of wood or cork is inter- 
posed between the ends of the two bar magnets employed, 
and they are then both moved backwards and forwards 
along the bar that is to be magnetised. By none of 
these methods, however, can a steel bar be magnetised 
beyond a certain degree of intensity. 

66. Laminated Magnets. — It is found that long 
thin steel magnets are more powerful in proportion to 
their weight than thicker ones. Hence it was proposed 
by Scoresby ' to construct compound magnets, consisting 
of thin laminE of steel separately magnetised, and after- 
wards botmd together in bundles. These laminated 
magnets are more powerful than simple bars of steeL 

06. Macmetlsation derived iram. the Earth. — 
The magnetism of the earth may be utilised, where no 
other pennanent magnet is available, to magnetise a bar 
of SteeL Gilbert states that iron bars set upright for 
a long time, acquire magnetism from the earth. If a 
steel poker be held in the magnetic meridian, with the 
north end dipping down, and in this position be struck 
vith a wooden mallet, it will be found to have acquired 
tnagnetic properties. Wires of steel subjected to torsion, 
while in the magnetic meridian, are also found to be 
thereby magnetised. 

67. Maeaettsatltm afber Heatins. — Gilbert dis- 
covered also that if a bar of steel be heated to redness, 
and cooled, either slowly or suddenly, while lying in the 
magnetic meridian, it acquires magnetic polarity. No 
such property is acquired if it is cooled while lying east- 
and-west. It has been proposed to make powerful 
magnets by placing hot bars of steel to cool between the 
poles of very powerful electro-magnets ; and Carr^ has 
recently produced strong magnets of iron cast in moulds 
lying in an intense magnetic field. 

t by Gcmu of Vento In i;«B; Sbiulu 



B4 ELEMEItTAKY LESSONS ON [cbap. il 

98. Magnetisation by Ourrents of Eleotriolty. 

A strong current of electricity carried in a spiral wire 
around a bar of iron or steel, magnetises it more power- 
fully than in any of the preceding operations. In the 
case of a soft iron bar, it is only a magnet while the 
current continues to flow. Such a combination is 
termed an Eleotro-maffnet ; it is fiilly described in 
Lesson XXVI. Elias of Haarlem proposed to mag- 
netise steel bars by passing them through a wire coiled 
up into a ring of many turns, through which a strong 
current was sent by a voltaic battery. Tommasi claims 
to have magnetised steel bars by passii^ a current of 
hot steam round them in a spiral tube : but the matter 
needs further evidence. 

99. Destruction of Magnetism. — A steel magnet 
loses its magnetism partially or wholly if subjected to 
rough usage, or if purposely hit or knocked about It 
also loses its magnetism, as Cilbert showed, on being 
raised to a red-heat, 

100. Effects of Heat on Uasnetisation. — If a 
permanent steel magnet be warmed by placing it in hot 
or boiling water, its strength wUl be thereby lessened, 
though it recovers partially on cooling* Chilling a 
magnet increases its strength. Cast iron ceases to 
be attracted by a magnet at a bright red-heat, or at a 
temperature of about 700' C. Cobalt retains its mag- 
netism at the highest temperatures. Chromium ceases 
to be magnetic at about 500° C, and Nickel at 350* 
C. Manganese exhibits magnetic attraction only when 
cooled to — 20° C. It has therefore been surmised that 
other metals would also become magnetic if cooled to a 
low enough temperature ; but a very severe cooling to 
1 00° below zero destroys the magnetism of steel magnets. 
The magnetic metals at high temperatures do not be- 
come diamagnetic, but are still feebly magnetic 

lOL Forms of Maenets. — Natural Magnets are 
usually of irregular form, though they are sometime! 
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reduced to regular shapes by cutting or grinding. 
Formerly it was the &shion to mount them with soft iron 
cheeks or " armatures " to serve as po!e-pieces. 

For scientific experiments bar magnets of hardened 
Steel are commonly used ; hut for many purposes the 
korseshoe shape is preferred. In the horse-shoe magnet 
the poles are bent round so as to approach one another, 
the advantage here being that so both poles can attract 
one piece of iron. The " armature," or " keeper," as 
the piece of soft iron placed across the poles is named, is 
itself rendered a magnet by induction when placed across 
the poles ; hence, when both poles magnetise it, the force 
with which it is attracted to the magnet is the greater. 

102. MasjQetlo Sattiratlon. — A magnet to which 
as poweifiil a degree of magnetisation as it can attain to 
has been given is said to be "saturated." Many of 
the methods of magnetisation described will excite in a 
magnet a higher degree of magnetism than it is able to 
retain permanently. A recently magnetised magnet will 
occasionally appear to be supersaturated, even after 
the application of the magnetising force has ceased. 
Thus a horse-shoe-shaped steel magnet will support a 
greater weight immediately after being magnetised than 
it will do after its armature has been once removed from 
its poles. Even soft iron after being magnetised retains 
a small amount of magnetism when its temporary mag- 
netism has disappeared. This small remaining magnetic 
chaise is spoken of as residual magnetism. 

Strength of a Magnet. — The "strength" of a 
magnet is not the same thing as its " lifting-power," The 
" strength " of a magnet is the " strength " of its poles. 
The " strength " of a magnet pole must be measured by 
the magnetic force which it exerts. Thus, suppose there 
are two magnets, A and B, whose strengths we compare 
by making them each act upon the N. pole of a third 
magnet C. If the N. pole of A repels C with twice as 
much force as that mth which the N. pole of B placed 
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at the same distance would repel C, then we should saj 
that the " strength " of A was twice that of B. Another 
way of putting the matter is to say that the " strength " 
of a pole is the amount of free magnetism at that pole. 
By adopting the unit of strength of magnet poles as 
defined in Art. 125, we can express the strength of any 
pole in numbers as so many " units " of strength. 

103. Liftimc Power. — The lifting power of a magnet 
(also called its "portative force ") depends both upon 
the form of the magnet and on its magnetic strength. A 
horse-shoe magnet will lift a load three or four times as 
great as a bar magnet of the same weight will lift. The 
lifting power is greater if the area of contact between the 
poles and the armature is increased. Also the lifting 
power of a magnet grows in a very curious and unex- 
plained way by gradually increasing the load on its 
armature day by day until it bears a load which at the 
outset it could not have done. Nevertheless, if the load 
is so increased that the armature is torn o^ the power 
of the magnet falls at once to its original value. The 
attraction between a powerful electro-magnet and its 
armature may amount to 200 lbs. per square inch, or 
14,000 grammes per square centimetre. Small magnets 
lift a greater load in proportion to their own weight than 
large ones.i A good steel horse-shoe magnet weighing 
itself one pound ought to lift twenty pounds' weight. 
Sir Isaac Newton is siud to have possessed a little Ibde- 
stone mounted in a signet ring which would lift a piece 
of iron 300 times its own weight, 

nutgnet wbose weiibC was iv .- — 
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Lesson X. — Distribution of Magnetism. 

104. Normal Distribution. — In an ordinary bai 
magnet the poles are not quite at the ends of the bar, 
but a little way from it ; and it can be shown that this is 
a result of the way in which the magnetism is distributed 
in the bar. A very long, thin, uniformly magnetised bar 
has its poles at the ends ; but in ordinary thick magnets 
the "pole" occupies a considerable region, the "free 
magnetism " falling off gradually from the ends of the 
bar. In each region, however, a point can be determined 
at which the resultant magnetic forces act, and which 
may for most purposes be considered as the pole. In 
certain cases of iiregular magnetisation it is possible to 
have one or more poles between those at the ends. 
Such poles are called consequent poles (see Fig. 51). 

105, Magnetic Field.— ~ The space all round a 
inagnet pervaded by the magnetic forces is termed the 
"field'' of that magnet. It is most intense near the pole 
of the magnet, and is weaker and weaker at greater dis- 
tances away from it. At every point in a magnetic field 
the force has a particular strength, and the magnetic 
induction acts in a particular direction or line. In the 
horse-shoe magnet the Geld is most intense between the 
two poles, and the lines of magnetic induction are curves 
which pass from one pole to the other across the field. 
A practical way of investigating the distribution of the 
lines of induction in a field is given in Art. loS, under the 
title " Magnetic Figures." When the armature is placed 
upon the poles of a horse-shoe magnet, the force of the 
ntagnet on all the external regions is weaketted, for the 
induction now goes on through the iron of the keeper, 
not through the surrounding space. In fact a closed 
system of magnets — such as that made by placing fotu: 
bar magnets along the sides of a square, the N. pole of 
one touching the S. pole of the next — has no external 
field of force. A ring of steel may thus be magnetised 
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so as to have neither external field nor poles ; or rather 
any point in it may be regarded as a M. pole and a S. 
pole, so close together that they neutralise one another's 
forces. 

That poles of opposite name do neutralise one another 
may be shown by the well-known experiment of hanging 
a small object — a steel ring or a key — to the N, pole of 
a bar magnet. If now the S. pole of another bar magnet 
be made to touch the first the two poles will neutralise 
each other's actions, and the ring or key will drop down. 

106. Breakiiifr a Maenet. — We have already stated 
that when a magnet is broken into two or more parts, each 
is a complete magnet, possessing poles, and each is 
nearly as strongly magnetised as the original magnet. 
Fig. 48showsthis. If the broken parts be closely joined 
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these adjacent poles neutralise one another and disappear, 
leaving only the poles at the ends as before. If a magnet 
be ground to powder each fragment will still act as a 
little magnet and exhibit polarity. A magnet may there- 
fore be regarded as composed of many little magnets 
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put together, so that their like poles all face one way. 
Such an arrangement is indicated in Fig. 49, from which 
it will be seen that if the magnet be broken asunder across 
any part, one lace of the fracture will present only N. 
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poles, the other only S. poles. This would be true no 
matter how small the individual particles. 

If the intrinsic magnetisation of the steel at every 
part of a magnet were equal, the free poles would b« 
fbtmd only at the ends ; but the &ct that the free m^- 
netism is not at the ends merely, but diminishes from 
the ends towards the middle, shows that the intensity of 
the intrinsic magnetisation must be less towards and at 
the ends than it is at the middle of the bar. 

i07. Lamellar Distribution of Mofimetlsm. 
Magnetio SlieUs. — Up to this point the ordinary 
distribution of magnetism along a bar ha.s been the only 
distribution considered. But it is possible to have 
magnetism distributed over a thin sheet to that the 
whole of one &ce of the sheet shall have one kind of 
magnetism, and the other face the other kind-of magnet- 
ism. If an immense number of little magnets were 
placed together side by side, like the cells in a honey 
comb, all with their N.-seeking ends upwards, and S.- 
seelcing ends downwards, the whole of one &ce of the 
slab would be one large flat N.-seeldng pole, and the 
other face S.-seeking. Such a distribution as this over a 
surface or sheet is termed a lamellar distribution, to 
distinguish it from the ordinary distribution along a line 
or bar, which is termed, for distinction, the solenoidal 
distribution. A lamellarly magnetised magnet is some- 
times spoken of as a masnetlo shell. The properties 
of magnetic shells are extremely important on account of 
their analogy with those of dosed voltaic circuits. 

lOa Ma^etlo FlgrureB.^ Gilbert showed' that if 
a sheet of paper or card be placed over a magnet, and 
iron-filings arc dusted over the paper, they setde down 
in curving lines, forming a magnetic figure, the general 
form of which is shown in Fig. 50. The filings should 
be fine, and sifted through a bit of muslin ; to &dlitate 
their settling in the lines, the sheet of paper should bo 
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lighdy tapped. The %ures thus obtained can be fixed 
permanently by several processes. The best of these 
consists in employing a sheet of glass which has been 

previously gummed and dried, instead of the sheet of 
paper ; after this has been placed above the magnet the 
filings are sifted evenly over the surface, and then the 
glass Is tapped ; then a jet of steam is caused to play 
gently above the sheet, softening the surface of the gum, 
which, as it hardens, fixes the filings in their places. In- 



spection of the figure will show that the lines diverge 
nearly radially from each pole, and curve round to meet 
these from the opposite pole. Faraday, who made a 
great nse of this method of investigating the distribution 
of magnetism in various " fields," gave to the lines the 
name of IJnoB of force. They represent, as shown 
by the action on little magnetic particles which set them- 
selves thus in obedience to the attractions and repulsions 
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in the Geld, the resultant direction of the forces at every 
point ; for each particle tends to assume the direction of 
the magnetic induction due to the simultaneous action of 
both poles ; hence they may be taken to represent the 
lines of magnetic induction. * Faraday pointed out 
that these " lines of force " map out the magnetic field, 
showing by their position the direction of the magnetic 
force, and by their number its intensity. If a sm^ N.- 
seeking pole could be obtained alone, and put down on 
any one of these lines of force, it would tend to move 
along that line from N. to S. i a single S. -seeking pole 
would tend to move along the line in an opposite direc- 
tion. Faraday also assigned to these lines of force 
certain physical properties (which are, however, only 
true of them in a secondary sense), viz., that they tend 
to shorten themselves from end to end, and that they 
repel one another as they he side by side. The modem 
view, which holds that magnetism results from certiun 
properties of the "fether" of space, is content to say 
that in every magnetic iield there are certain stresses, 
which produce a tension along the lines of force, and a 
pressure across them. 

109. This method may he applied to ascertain the 
presence of " consequent poles " in a bar of Steel, the 
figure obtained resembling that depicted in Fig. 51. 
Such a state of things is produced when a strip of very 
hard steel is purposely irregularly magnetised by touching 
it with strong magnets at certain points. A strip thus 
magnetised virtually consists of several magnets put end 
to end, but in reverse directions, N.-S., S.-N., etc 

110. The forces producing attraction between unlike 
poles, and repulsion between like poles, are beautifolly 
illustrated by the magnetic figures obtained in the fields 
between the poles in the two cases, as given m Figs, 

i Oi" mher tlie CDmponent put of tlu macnedc jnducttoa molvfld mto- 
Jut pljine ri die fifnn ; which ii act quite the same thing, for ebon the 
p^i t^ SUngi tuud np auily Teniullj te thii pUaa. 
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52 and S3. In Fig. $2 the poles are of opposite kinds, 
and the lines of force curve across out of one pole into 
the other; white in Fig. 53, which represents the action 



of two similar [nles, the lines of force curve away as if 
repelling one another, and turn aside at right angles. 
Musscbenbroek first pointed out the essential diflerence 
between these two figures. 



Hg. s*- *■«- S3- 

in. Matcnetio Writing:. — Another kind of magnetic 
figures was discovered by De Haldat, who wrote with the 
pole of a magnet upon a thin steel plate (such as a saw- 
blade), and then sprinkled filings over it. The writing, 
which is quite invisible in itself, comes out in the lines 
of filings that stick to the magnetised parts ; this magic 
writing will continue in a steel plate many months. The 
author of these Lessons has produced similar figures in 
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iron filings by writing upon a steel plate with the wiiei 
coming from a piowerfiil voltaic battery. 

112. Surfboe Ma^etlsatlon. — In many cases the 
magnetism imparted to magnets is confined chiefly to 
the outer layers of steel. If a steel magnet be put into 
acid so that the outer layers are dissolved away, it is 
found that it has lost its magnetism when only a thin 
film has been thus removed. Magnets which have been 
magnetised vet7 thoroughly, however, exhibit some 
magnetism in the interior. A hollow steel tnbe when 
magnetised is nearly as strong a magnet as a solid rod 
of the same siie. If a bundle of steel plates are mag- 
netised while bound together, it will be found that only 
the outer ones are strongly magnetised. The inner ones 
may even exhibit a reversed magnetisation. 

118. Meohanioal etCbots of MaonetisatlotL — 
When a steel or iron bar is powerfidly magnetised it 
grows a little longer than before ; and, since its volume 
is the same as before, it at the same time contracts in 
thickness. Joule found an iron bar to increase by rr^n 
of its length when magnetised to its maximum. This 
phenomenon is believed to be due to the magnetisation 
of the individual particles, which, when magnetised, tend 
to set themselves parallel to the length of the bar. This 
supposition is confirmed by the observation of Page, that 
at the moment when a bar is magnetised or demagnetised, 
a fiunt metalUc clink is heard in the bar. Sir W. Grove 
showed that when a tube containing water rendered 
muddy by stirring up in it finely divided magnetic oxide 
of iron was magnetised, the liquid became clearer in the 
direction of magnetisation, the particles apparently setting 
themselves end-on, and allowing more light to pass be- 
tween them. A twisted iron wire tends to untwist itself 
when magnetised. A piece ofiron, when powerfully mag- 
netised and demagnetised in rapid succession, grows hot, 
as if magnetisation were accompanied by internal friction. 

114. A^rtlon of Macrnatism <m Ut^t. — Famday 

C.l,l,;iL 
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discDveied that a raf of polarised light passing through certain 
substances in a powerful magnetic Geld has the direction of its 
vibrations changed. This phenomenon, which is sometimes 
called "The Magnetisation of Light," is better described as 
" The Rotation of the Plane of Polarisation of Light by Mag. 
netism." The amount of rotation dilfers in different media, 
and varies with the magnetising force. More recently Kerr 
has shown thai a ray of polarised light is also rotated by re- 
flection at the end or side of a poweriiU magnet. Further 
mention is made of these discoveries in the Chapter on Electro- 
optics, Lesson XXXV. 

115, PIiTsical Theory of Magnetism. — All these various 
phenomena point to a theory of mi^etisin very different from 
the old notion of fluids. It appears that every particle of a 
magnet is itself a magnet, and that the magnet only becomes a 
magnet as a whole by the particles being so tamed as to point 
one way. This condu^on is supported by the observation that 
if a glass tutie full of iron filings is monetised, the filings can 
be seen to set themselves endways, and that, when thus once 
set, they act as a magnet until shaken up. It appears to be 
harder to timi the individual molecules of solid steel, but, when 
once so set, they remain end-on unless violently struck or 
heated. It follows from this theory that when all the particles 
were turned end-on the limits of possible magnetisation would 
have been attained. Some caieful experimeiitG of Beetz on iron 
deposited by electrolysis entirely confirm this conclusion, and 
add weight to the theory. The optical phenomena led Clerk 
Maxwell to the further conclusion that these longitudinally-set 
molecules are rotating round Iheii long axes, and that in the 
" Eelher " of space there is also a vortical motion along the lines 
of magnetic inditction ; tlus motion, if occurring in a perfect 
medium (as the " ajther " may be consideied), producing tensions 
along the lines and pressures at right angles to (hem, vrould 
afford a satisfactory explanation of the magnetic attractions and 
repulsions which apparently act across empty space. Hughes 
hi^latelyshown that (he magnetism of iron and steel is intimately 
connected with the molecular rigidity of the material. His 
researches with the " induction balance " (Art. 438) and " mag- 
netic balance" (Art. 439) tend to prove that each molecule of 
a magnetic metal has an absolutely constant inherent magnetic . 
polarity ; and that when a piece of iion or steel is apparently 
neutral, its molecules are internally airanged so as to satisfy 
each other's polarity, forming closed magnetic circuits amongst 
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Lesson XI. — Laws of Magnetic Force. 

116. Laws of Ma^netio Forcse. 

FlJiST Law, — Like magnetic poles repel otU 
another; unlike magnetic poles attract one 
another. 

Second Law. — TTte foru exerted between two 
magnetic poles is proportional to the product 
of their strengths, and is inversely propor- 
tional to the squm'e of the distance between 
them. 

117. The IiBw of Inverse Squares. — The second 
of the above laws is commonly known as the law of 
inverse squares. The similar law of electrical attrac- 
tion has already been explained and illustrated (Art 
i6). This law furnishes the explanation of a fiict men- 
tioned in an earlier Lesson, Art. 77, that small pieces 
of iron are drawn bodily up to a magnet pole. If a 
small piece of iron wire, a b (Fig, 54), be suspended by 
a thread, and the 
N. -pointing pole 
A of a magnet be 
brought near it, 
the iron is thereby ^^^^^_ 
inductively mag- ^^^^^^ 
netised ; turns ^^^^^T 
round and points ^ 
towards the mag- 
net pole, setting itself as nearly as possible along a line 
of force, its near end b becoming a S.-seeking pole, and 
its fiirther end a becoming a N..seeking pole. Now the 
pole b will be attracted and the pole a will be repelled. 
But these two forces do not exactly equal one another, 
since the distances are unequal. The repulsion will 
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(by the law of inverse sqnai'es) be proportionril to 
rr^ i ai>d the attraction will be proportional to ttta' 
Hence the bit of iron a i will experience a pair of forces, 
turning it into a certain direction, and also a total force 
drawing it bodily toward A. Only those bodies are 
attracted by magnets in which magnetism can thus be 
induced; and they are attracted only because of the 
magnetism induced in them. 

We mentioned, Art. 83, that a magnet needle floating 
freely on a bit of cork on the sur&ce of a liquid, is acted 
upon by forces that give it a certain direction, but that, 
unlike the last case, it does not tend to rush as a whole 
either to the north or to the south. It experiences a 
rotation, because the attraction and repulsion of the 
magnetic poles of the earth act in a certain direction ; 
but since the magnetic poles of the earth are at a dis- 
tance enormously great as compared with the length 
from one pole of the floating magnet to the other, we 
may say that, for all practical purposes, the poles of the 
magnet are at the same distance from the N. pole of the 
earth. The attracting force on the N.-pointing pole of 
the needle is therefore practically no greater than the 
repelling force acting on the S.-pointing pole, hence 
there is no motion of translation given to the floating 
needle as a whole. 

118. Measurement of Ma^Detlo Foroeo. — The 
truth of the law of inverse squares can be demonstrated 
by measuring the attraction between two magnet poles 
at known distances. But this implies that we have 
some means of measuring accurately the amount of the 
m^netic forces of attraction or repulsion. Magnetic 
force may be measured in any one of the four following 
ways: (1) by balancing it against the torsion of an 
elastic thread ; (2) by observing the time of swing of 
a magnetic needle oscillating under the influence of the 
farce ; (3) by observing the deflection it produces upon a 
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magnetic needle which is already attracted into a different 
direction by a force of known intensity ; (4) by balanc- 
ing it against the force of gravity as brought into play 
in attempting to deflect a magnet hung by two parallel 
strings (called the bijilar suspension), for these strings 
cannot be twisted out of their parallel position without 
raising the centre of gravity of the magnet. The first 
three of these methods must be further explained, 

119. The Torsion Balance. — Coulomb also applied 
the Torsion Balance to the measurement of magnetic 



The main principles of this instrunent (as used 
s electrostatic forces of repulsion) were de- 
scribed on p. 15. Fig. 55 shows how it is arranged for 
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measuring tn^netic repulsions. By means of the 
torsion balance we may prove the law of inverse squares. 
We may also, assuming this law proved, employ the 
balance to measure the strengths of magnet poles by 
measuring the forces they exert at known distances. 

To prove the law of inverse squares, Coulomb made 
the following experiment : — The instrument was first 
adjusted so that a magnetic needle, hung in a copper 
stirrup to the line silver thread, lay in the magnetic 
meridian without the wire being twisted. This was done 
by first putting in the magnet and adjusting roughly, 
then replacing it by a copper bar of equal weight, and 
once more adjusting, thus diminishing the error by 
repeated trials. The next step was to ascertain through 
what number of degrees the torsion-head at the top 
of the thread must be twisted in order to drag the 
needle i" out of the magnetic meridian. In the par- 
ticular experiment cited it was found that 35° of torsion 
corresponded to the 1° of deviation of the magnet ; then 
a magnet was introduced, that pole being downwards 
which repelled the pole of the suspended needle. It was 
found (in this particular experiment) to repel the pole of 
the needle through 34°. From the preliminary trial we 
know that this directive force corresponds to 24° x 35* 
of the torsion-bead, and to this we must add the 
actual torsion on the wire, viz., the 24°, making a total 
of 864°, which we will call the " torsion equivalent " of 
the repelling force when the poles are thus 24' apart. 
Finally, the torsion-head was turned round so as to 
twist the suspended magnet round, and force it nearer 
to the fixed pole, until the distance between the repelling 
poles was reduced to half what it was at first It was 
found that the torsion-head bad to be fumed round 8 
complete rotations to bring the poles to 13* apart 
These 8 rotations were an actual twist of 8* x 360*, 01 
2SSo°. But the bottom of the torsion thread was still 
twisted 12* as compared with the top, the force pro 
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ducing this twist corresponding to 13 x 3S (of 4zo*) of 
torsion ; and to these the actual torsion of 1 2" must be 
added, making a total of 2880° + 420° + 12° = 3312. 
The result then of halving the distance between the 
magnet poles was to increase the force fourfold, for 
3312 is very nearly four times S64. Had the distance 
between the poles been reduced to one-third the force 
would have been nine times as great. 

120. Method of Osoillationa' — If a magnet sus- 
pended by a fine thread, or poised upon a point, be 
pushed aside from its position of rest, it will vibrate 
backwards and forwards, peiforming oscillations which, 
ilthough they gradually decrease in amplitude, are 
executed in very nearly equal times. In &ct, they follow 
a law similar to that of the oscillations executed by a pen- 
dulum swinging under the influence of gravity. The law 
of pendular vibrations is, that the square of the number 
of oscillations executed in a given time is proporiiondl to 
the force. Hence we can measure magnetic forces by 
counting the oscillations made in a minute by a magnet. 
It must be remembered, however, that the actual number 
of oscillations made by any given magnet wiU depend 
on the weight, length, and form of the magnet, as well 
as upon the strength of its poles, and of the " field " 
in which it may be placed. 

12L We can use this method to compare the intensity 
of the force of the earth's magnetism' at any place with 
that at any other place on the earth's surface, by oscil- 
lating a magnet at one place and then taking it to the 
other place and oscillating it there. IT, at the first, it 
makes a oscillations in one minute, and at the second, b 
oscillations a minute, then the magnetic forces at the 

-Tfd/ forces by ■ " method of osciL- 
d of a horiiDDUlTy-sQspcDdcd steh 
ling foiM of ■ charged eonductor 
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two places will be to one another in the ratio of a^ 

tarn. 

Again, we may use the method to compare the force 
exerted at any point by a magnet near it with the force 
of the earth's magnetism at that point. For, if we swing 
a small magnetic needle there, and find that it makes m 
oscillations a minute under the joint action i of the earth's 
magnetism, and that of the neighbouring m^n^et, and 
that, when the magnet is removed, it makes » oscillations 
a minute under the influence of the earth's magnetism 
alone, then >«* will be proportional to the joint forces, 
n' to the force due to the earth's magnetism, and the 
difference of these, or «' — tfi will be proportional to the 
force due to the neighbouring magnet. 

122. We will now apply the method of oscillations to 
measure the relative quantities of free magnetism at 
different points along a bar magnet. The magnet to 
be examined is set up vertically (Fig. 56). A small 
magnet, capable of swinging horizontally, is brought near 
I short distance away 
,s extremity, and then oscillated, 
—^ r-i— wniie the rate of its oscillations is 
I *1 " counted. Suppose the needle were 
a- 9 ^"'^^ *''^''< ™^^" exposed to the earth's 

£-. M magnetism alone, it would perform 3 

1 9 complete oscillations a minute, and 

3 S that, when vibrating at its place near 

the end of the vertical magnet it 
oscillated 14 times a minute, then 
the force due to -the magnet will be 
proportional to 1 4' — 3* = 1 96 — 9 = 
S 187. Nextly, let the oscillating mag- 

net be brought to an equal distance 
opposite a point a little away from 
the end of the vertical magnet. If, here, it oscillated 

1 Wc are hvT« asBunung that lh« magnet Ls SD placed rhar its force is in a 
ting whh thai of the earth's magneiiim at the point, and that the other pole 
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1 2 times a minute, we know that the force will be pro- 
portional to iz*— 3'= 144 — 9= 135. So we shall find 
that as the force iails off the oscillations will be fewer, 
until, when we put the oscillating magnet opposite the 
middle of the vertical magnet, we shall find that the 
number of oscillations is 3 per minute, or that the 
earth's force is the only force affecting the oscillations. 
In Fig. 57 we have indicated the number of oscillations 
at successive points, as 14, 12, 10, 8, 6, 5, 4, and 3. 
If we square these numbers and subtract 9 from each, 
we shall get for the forces at the various points the 
following: — 187, 135, 91, 55, 27, 16, 7, and o. These 
forces may be taken to represent the strength of the 
free magnetism at the various points, and it is convenient 
to plot them out graphically in the manner shown in 



■"ar 



FfS.S7- 

F'g- 57i where the heights of the dotted lines are chosen 
to a scale to represent proportionally the forces. The 
curve which joins the tops of these " ordinates " shows 
graphically how the force, which is greatest at the end, 
falls off toward the middle. On a distant magnet pole 
tliese forces, thus represented by this curvilinear triangle, 
would act as if concentrated at a point in the magnet 
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opposite the " centre of gravity " of this triangle ; or, in 
other words, the " pole," which is the centre of the restilt- 
ant forces, is not at the end of the magnet. In thin 
bars of magnetised steel it is at about ^ of the magnet's 
length from the end. 

123. Method of Defleoticms. — There are a number 
of ways in which the deflection of a magnet by another 
magnet may be made use of to measure magnetic forces.' 
We cannot here give more than a glance at first principles- 
When two equal and opposite forces act on the ends of 
a rigid bar they simply tend to turn it round. Such a 
pair of forces form what 
is called a "couple," and 
the effective power or 
" moment " of the couple 
is obtained by multiplying 
one of the two forces by 
the perpendicular distance 
between the directions of 
I the forces. Such a couple 
tends to produce a motion 
of rotation, but not a 
motion of translation. 
Now, a magnetic needle 
placed in a magnetic field 
across the lines of force, 
experiences a " couple," 
tending to rotate it round 
"s- s"" into the magnetic meridian, 

for the N. - seeking pole is ui^ed northwards, and 
the S.-seeking pole is urged southwards, with an equal 
and opposite force. The force acting on each pole 
is the product of the strength of the pole and the 
intensity of the " field," that is to say, of the horizontal 
component of the force of the earth's magnetism at the 

1 The student desirous of mastering these methods of measuring magnetic 
forca should ccmiult Sir G. AIty's Tmtiu tn Magtutitm. 
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place. We will call the strength of the N. -seeking pole 
m; and we will use the symbol H to represent the 
force eiierted in a horizontal direction by the earth's 
magnetism, (The value of H is different at different 
regions of the globe.) The force on the pole A (see 
Fig. 58) will be then « x H or m H, and that on pole 
B will be equal and opposite. We take N S as the 
direction of the magnetic meridian, and the forces wiU 
be parallel to this direction. Now, the needle A B lies 
obliquely in the field, and the magnetic force acting on 
A is in the direction of the line P A, and that on B in 
the direction Q B, as shown by the arrows, P Q is the 
perpendicular distance between these forces ; hence the 
" moment " of the couple will be got by multiplying the 
length P Q by the force exerted on one of the poles. 
Using the symbol G for the moment of the couple we 

G = P Q X otH. 
But P Q is equal to the length of the magnet multiplied 
by the sine ' of the angle A R, which is the angle ol 
deflection, and which we will call 6. Hence, using / for 
the length between the poles of the magnet, we may 
write the expression for the moment of the coaple. 
G = «;H-sin8, 
In words this is : the " moment of the couple " acting 
on the needle is proportional to its " magnetic moment," 
(m X to the horizontal force of the earth's magnetism, 
and to the sine of the angle of deflection. 

The reader will not have failed to notice that if the 
needle were turned more obliquely, the distance P Q 
would be longer, and would be greatest if the needle 
were turned round east-and-west, or in the direction EW, 
Also the " moment " of the couple tending to rotate the 
magnet will be less and less as the needle is turned 
more nearly into the direction N S, 

1 Tf any nader ia unncquainted vith IrigoQonictriaJ Unm he should con 
soil the DOU at the end of thu Lcnon, on '* Ways ri nckaninff Anstes-^ 
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1S4. Now, let us suppose that the deflection S were 
produced by a. magnetic force applied at right angles to 
the magnetic meridian, and tending to draw the pole A 
in the direction RA. The length of the line RT multi- 
plied by the new force will be the " moment " of the 
new couple tending to twist the magnet into the direction 
E W. Now, if the needle has come to rest in equilibrium 
between these two forces, it is clear that the two oppos- 
ing twists are just equal and opposite in power, or that 
the moment of one couple is equal to the moment of the 
other couple. Hence, the force in the direaion W E 
will be to the force in the direction S N in the same 
ratio as P Q is to R T, or as P O is to R O. 

Or, calUng this force y; 

/: H = PO : RO 
Or /=H- 

But P O = A R and ^ = tan 3 hence 
/= H tanS; 

or, in other words, W* magnetic force tvhich, acting at 
right angles to the meridian, ftroduces en a magnetic 
needle the deflection h, is equal to the horizontal force oj 
the earth's magnetism at that paint, multiplied by the 
tangent of the angle of deflection. Hence, also, two 
diflerent magnetic forces acting at right angles to the 
meridian would severally deflect the needle through 
migles whose tangents are proportional to the forces. 

This very important theorem is applied in the con- 
struction of certain galvanometers (see Art. 199). 

The name Maenetometor is given to any magnet 
specially arranged as an instrument for the purpose 
of measuring magnetic forces by the deflections they 
produce. The methods of observing the absolute 
values of magnetic forces in dynes or other abstract 
units of force will be explained in the Note at the end of 
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Lesson XXV, See also Sir George Airy's Treatise on 
Magnetism. 

135. Unit Btrength of Pole.— We found in Cou- 
lomb's torsion-balance a convenient means of comparing 
the strengths of poles of different magnets ; for the force 
which a pole exerts is proportional to the strength of the 
pole. The Second Law of Magnetic Force (see Art. 
1 1 6) stated that the force exerted between two poles 
was proportional to the product of their strengths, and 
was inversely proportional to the square of the distance 
between them. It is possible to choose such a strength 
of pole that this proportionality shall become numerically 
an equality. In order that this may be so, we must 
adopt the following as our unit of strength of a pole, or 
unit magnetic pole : A Unit Magnetic Pah is one of such 
t strength that, "when placed at a distance of one cenii- 
^netre from a similar pole of equal strength it repels it 
with a force of one dyne (see Art. 255). If we adopt 
this definition we may express the second law of magnetic 
force in the fallowing equation : — 

where / is the force (in dynes), m and tri the strengths 
of the two poles, and d the distance between them (in 
centimetres). This subject is resumed in Lesson XXV., 
Art. 310, on the Theory of Magnetic Potential. 

12a TheoiT of Magnetic Ourvea — We saw (Art 
loS) that magnetic figures are produced by iron-filings 
setting themselves in certain directions tn the field of 
force around a magnet. We can now apply the law ol 
mverse squares to aid us in detennining the direction 
in which a filing will set itself at any point in the field. 
Let N S (Fig. 59) be a long thin magnet, and P any 
point in the field due to its magnetism. If the N.- 
seeking pole of a small magnet be put at P, it will be 
attracted by S and repelled by N ; the directions of these 
two forces will be along the lines P S and P N. The 

C.l,l,;iL 
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amounts of the forces may be represented by certain 
lengths marked out along these lines. Suppose the 
distance P N is twice as great as P S, the repelling force 
along P N will be \ as strong as the attracting force 
along P S. So measure a distance out, P A towards S 
four limes as long as the length P B measured along P N 
away from N. Find the resultant force* in the usual 
way of compounding mechanical forces, by completing 
the parallelogram pake, and the diagonal f r represents 
by its length and direction the magnitude and the 




direction of the resultant magnetic force at the point P. 
In fact the tine P R represents the line along which a 
small magnet or an iron filing would set itself In a 
similar way we might ascertain the direction of the lines 
of force at any point of the field. The little arrows in 
Fig, 59 show how the lines of force start out from the N, 
pole and curve round to meet in the S. pole. The 
student should compare this figure with the lines of 
filings of Fig. 50, 
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127. Poroe du« to a Masnetio ShelL — A mag 
netic sbell (Art. 107) exerts a magnetic force upon a mag- 
net pole placed at a point in its neighbourhood. If the 
shell be flat and very great, as compared with the distance 
of the point considered, this force will be independent of 
that distance, will be normal to the shell in direction, and 
will depend only upon the amount of magnetism on the 
shell, and will be numerically equal to 2ir times the 
quantity of magnetism per square centimetre ' (i.e. to 
2«ir when o- is the "surface density" of magnetism on 
the face of the shell). 

If the shell is bounded, however, by a limiting area, 
the force exerted by a sheU upon a point outside it will 
be greater near to the shell than at a distance away. 
In this case it is most convenient to measure not the 
force but the potmtiai due to the sheU. The defini- 
tion of " magnetic potential" is given in Art. 310; mean- 
time we may content ourselves with stating that the 
potential due to a magnetic shell at a point near it, is 
equal to the strength of the shell multiplied by the solid 
angle,* subtended by the shell at that point. 

138. A Msgnetfo Paradox.—- If the N.-seeking 
pole of a strong magnet be held at some distance from 
the N.-seeking pole of a weak magnet, it will repel it ; 
but if it is pushed up quite close it will be found now to 
attract it. This paradoxical experiment is explained 
by the fact that the magnetism induced in the weak 
magnet by the powerfal one will be of the opposite kind, 
and will be attracted ; and, when the powerftil magnet is 
near, this induced magnetism may overpower and mask 
the original magnetism of the weak magnet The 
student must be cautioned that in most of the experi- 
ments on magnet poles similar perturbing causes are at 
work. The magnetism in a magnet is not quite fixed, 

1 The pfDnf of Ihit pinpoiitiOD \t tunihi D Ilut given U «id of Leuoi 
XX-, for Ok muUdgoiu Evoposition coacenung the bma doq 10 « flat plUc 
durged wllh clectndty. 

> S«e NoteoD "Way* cf RBkonmA Adgla,** at tfao eodof Ehli '*rTt 
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but is liable to be disturbed in its distribution by the 
near presence of otlier magnet poles, for no steel is so 
hard as not to be temporarily affected by magnetic 
induction. The law of inverse squares is only true when 
the distance between the poles is so great that the dis- 
placement of their magnetism due to mutual induction 
is so small that it may be neglected. 

Note on Ways of Reckoning Angles and 

So LID- ANGLES. 

129. Reckoning in Degrees.— When two straight lines cross 
one another they form an an^e between them ; and this angle 
may be defined as the amount of rotation which one of the lines 
has performed round a fixed point in the other line. Thus we 

may suppose the line C P in Fig. 60 to 
'/ have originally lain along C O, and then 
'^ turned round to its present position. The 
> amount by which it has been rotated is 
\ clearly a certain fraction of the whole way 
Jc^ round ; and the amount of rotation round 
C we call "the angle which PC makes 
/ with O C," or more simply " the angle 
PCO." But there are a number of 
,*"• different ways of reckoning this angle. 

Fig. 60. jjig common way is to reckon the angle 

by "dOTces" of arc Thus, suppose a circle to be drawn 
round C, if the circumference of the circle were divided into 
360 parts each part would be called "one d^ee " (1°), and 
the angle would be reckoned by naming the number of such 
d^ees along the curved arc OP. In the figure the arc is 
about 57j°, or ^ of the whole way round, no matter what size 
the circle is dra«-n. 

130. Reckoning in Ra^ana.^-A more sensible but less 
usual way to express an angle is to reckon it by the ratio belween 
the length of the curved arc that "subtends the angle and the 
length of the radius of the circle. Suppose we have drawn 
round the centre C a circle whose radius is oiie centimetre, 
the diamtltr will be two centimetres. The length of the 
drcumference all round is known to be about 3} times the 

length of the diameter, or more exactly 3'I4I59 

This number is so awkward that, for convenience, we always 
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use'fot it the Greek letter x. Hence the length of the circum- 
ference of our circle, whose radius is one centimetre, will be 
6'a83l8 . . . centimetres, or 2t centimetres. We can then 
reckon any angle by naming the length of arc that subtends it 
on a circle one centimetre in radius. If we choose the angle 
P C O, Euchthat the curved arc O P shall be just one centimetre 
long, this will be the angle oat, or unit of angular measure, or, 
OS it is sometimes called, the angle PCO will be one " radian." 
In degree-measure one radian - - — - = 57° 17' nearly. All the 
way round the circle will be ir radians. A right-angle will be 
Z radiatis. 

131. Reckoning b^ Sinea or CosineB. — In trigonometry 
other ways of reckoiung angles are used, in which, howev 
angles themselves are not reckoned, but 
certain " functions " of them called "sines," 
"cosines," " tangents," etc For readers 
not accustomed to these we will briefly ex- 1 
plain the geometrical nature of these I 
" functions. Suppose we draw (Fig. 61) I 
our circle as before round centre C, and 
then drop down a plumb-line P M, on 
to the line C O ; we wiU, instead of reckon- 
ing the angle by the curved arc, reckon it jj. (,, 
by the length of the line P M. It b clear 
that if the angle is small P M will be short ; but as the angle 
opens out towards a right angle, PM wiir get longer and 
longer {Fig. 62). The ratio between the length of this Tine and 
the radius of the circle is called the " lint" 
of the anglt, and if the radius is I the 
length of P M will be the value of the sine. 
It can never be greater than 1, though it 
may have all values between I and - I. 
The length of the line C M will also 
PI , g^ depend upon the amount of the angle. If 
*■ (he angle is small C M will be nearly as 
long as C O ; if the angle open out to nearly a right angle 
C M will be very short. The length of C M {when the radius 
is I) is called tke "taiine" of Iki angU. If the angle be 
called &, then we may for shortness write these functions 1 
PM 




A. 



Sin(l = 



CP 



132. Reckoning by Tangenta.— Suppose we draw our circle 
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as before (F^;. 63), but at the point O draw a straight line 
touchine the ciicle, (he tan^t line at O ; 
let U3 also prolong C P until it meets the 
tangent line at T. We may measure the 
an^e between O C and O P in terms of 
the length of the tangent O T as compared 
with the length of the radius. Since our 
radius is I, this ratio is numerically the 
length of O T, and we may therefore call 
(he length of OT the " tangent" of tie 
angle O C P. It is clear that smaller angles 
will have smaller tangents, but that larger 
angles may have very large langents ; in 
fact, (he lei^th of the tangent when P C was 
moved round lo a right angle would be 
infinitely great. I( can be shown that (he 
ratio between the lei^;ths of [he sine and 

of the cosine of the angle is the same as ife ratio between the 

length of the tangent and that of the radius ; or the tangent of 

an angle is equal to its dne divided by its cosine. The formula 

for the tangent may be written : 

tar, fl - TO PM 

*^ " - OC '' Mc" 

ISa Solid Angles.— When three or 

at a point they form a solid angle: th< 

example, at the top of a pyramid, or of ; 

corner of a diamond that has 

been cut. If a surface of any 
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angle at that point, the solid 

angle being mapped out by 

drawii^ lines irom all points 

of the edge of this surface to the 

point P (Fig. 64. ) An irregular 

cone will thus be generated 

whose soUd angle is the solid 

angle subtend^ at P by the 

surface E F. To reckon this 

solid angle we adopt an expedient similar to that adopted when 

we wished to reckon a plane angle in radians. About the point 

P, with radius of 1 centimetre, describe a sphere, which will 

intercept the cone over an area M N : the area thus intercepted 

measures the solid angle. If the sphere have the radius I, Its 

total surface is 4t. iTie solid angle subtended at the centre by 

a hemisphere would be 2w, 
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Lesson XII. — Terrestrial Magnetism. 

134. The Mariner'a Compass. — It was mentioned 

in Art. 79 that the compass sold by opticians consists of 
a magnetised steel needle balanced on a fine point above 
a card marked out N, S, E, W, etc. The Mariner's 
Oompasa is, however, somewhat differend]' arranged. 

In Fig. 6s one of the forms of a Mariner's Compass, 
used for nautical observations, is shown. Here the 



Fig. 6;. 

card, divided out into the yi " points of the Compass," is 
itself attached to the needle, and swings round with it so 
that the point marked N on the card always points to 
the north. In the newest and best ships' compasses 
several magnetised needles aie placed side by side, as it 
is found that the indications of such a compound needle 
are more reliable. The iron fittings of wooden vessels, 
and, in the case of iron vessels, the ships themselves. 
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afiect the compnss, which has therefore to be coirected 
by placing compensating masses of iron near it, or by 
fixing it high upon a mast. 

136. The Earth a Ua^net. — Gilbert made the great 
discovery that the compass needle points north- and 
south because the earth is itself also a great magnet. 
The magnetic poles of the earth are, however, not 
eicactly at the geographical nortli and south poles. The 
magnetic north pole of the earth is more than 1000 
miles away from the actual pole, being in lat. 70° 5' 
N., and long. 96° 46' W. In 1831, it was found by 
Sir J. C. Ross to be situated in Boothia Felix, just 
within the Arctic Circle. The south magnetic pole of 
the earth has never been reached ; and by reason of 
irregularities in the distribution of the magnetism there 
appear to be two south magnetic polar regions. 

136. Declination. — In consequence of this natural 
distribution the compass-needle does not at all points 
of the earth's surface point truly north and south. 
Thus, in 1881, the compass-needle at London points at 
an angle of about i8°33' west of the true north. This 
angle between the " magnetic meridian " ' and the geo- 
graphical meridian of a place is called the magnetic 
Declination of that place. The existence of this 
declination was discovered by Columbus in 1493, though 
it appears to have been previously known to the Chinese, 
and is said to have been noticed in Europe in the early 
part of the 13th century by Peter Pellegrinus. The 
discovery is also claimed, though on doubtfiil authority, 
for Sebastian Cabot of Bristol. The fact that the 
declination differs at different points of the earth's sur- 
lace, is the undisputed discovery of Columbus. 

In order that ships may steer by the compass, mag- 

nctk: touth point of Ihe horlioD, u obscncd at thai place by Ihs pcintiaj el 



cGoogk 



114 ELEMENTARY LESSONS ON [chap. ii. 

netic charts (Art. 139) must be prepared, and the declina- 
tion at different places accurately measured. The upright 
pieces P P', on the " azimuth compass " drawn in Fig. 
65, are for the purpose of sighting a star whose position 
may be luiown from astronomical tables, and thus 
affording a comparison between the magnetic meridian 
of the place and the geographical meridian, and of 
measuring the angle between them. 

137. biolioatioti or Dip. — Norman, an instrument- 
maker, discovered in 1576 that a balanced needle, 
when magnetised, tends to dip downwards toward the 
north. He there- 
fore constructed a 
Dipping -Needle, 
capable of turning 
in a vertical plane 
about a horizontal 
axis, with which he 
found the "dip" 
to be (at London) 
an angle of7i-So'. 
A simple form of 
Dipping-needle is 
shown in Fig, 66. 
The dip - circles 
used in the mag- 
I netic observatory 
at Kew are much 

delicate instru- 
I'ie-«- ments. It was, 

however, found that the dip, like the declination, differs 
at different parts of the earth's surface, and that it 
also undergoes changes from year to year. The " dip " 
in London for the year iBBi is 6?° 39'- At the 
north magnetic pole the needle dips straight down. 
The following table gives particulars oi the Declination, 
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Inclination, and total magnetic force at a number oi 
important places, the values being approximately true 
for the year 1880. 

Table of Magnetic Declination and Inclination 
(for Year 1880.) 





DcclbuioiL 




Boothia Felix 


(None.) 


90° N 


■65 


London 




18° 40' W 


67°4o'N 








o'40'W 


?o'*^N 




Betlin . 




ii-3rfW 


64- N 




Paris . 






16° 45' w 


66" N 




Rome . 






ii-si'w 


60° N 




New York 






f S7' W 


72" I2'N 




MeiicD 






•55'E 


45' f N 




Quito . 






7'40'E 


25- P N 




St. Helena 






i6' as' W 
30°/ W 


28' S 




Cape Town 

SySney 

Hobarton 






56° 30' s 


36 






8° 49 E 


71° s s 


g 


Toltio . 




4' 5' W 


SO- N 


45 



188. InteDBlty. — Three things must be known in 
order to specify exactly the magnetism at any place ; 
these three elements are : 

The Declination ; 

The Inclination, and 

The Intensity of ihe Magnetic Force. 
The magnetic force is measured by one of the 
methods mentioned in the preceding Lesson. Its 
direction is in the line of the dipping-needle, which, like 
every magnet, tends to set itself along the lines-of-force. 
It is, however, more convenient to measure the force 
not in its total intensity in the line of the dip, but to 
measure the horizontal component of the force, — that 
Is to lay, the force in the direction of the horizontal 
compass -needle, from which the total force can b« 
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calculated if the dip is known.' Or if the horizontal 
and vertical components of the force are known, the 
total force and the angle of the dip can both be cal- 
culated.' The horizontal component of the force, or 
" horizontal intensity," can be ascertained either by the 
method of Vibrations or by the method of Deflexions. 
The mean horizontal force of the earth's magnetism at 
London in iSSo was 'iS dyne-units, the total force (in 
the line of dip) is -47 dyne-units. The distribution of 
the magnetic force at different points of the earth's 
surface is irregular, and varies in different latitudes 
according to an approximate law, which, as given by 
Biot, is that the force is proportional to Vf^TT^'A 
where / is the magnetic latitude. 

139. Magnetlo Mapa.^For purposes of .conveni- 
ence it is usual to construct magnetic maps, on which 
such data as these given in the Table on p. 115 can be 
marked dowa Such maps may be constructed in 
several ways. Thus, it would be possible to take a map 
of England, or of the world, and mark it over with lines 
such as to represent by their direction the actual 
direction in which the compass points ; in fad to draw 
the lines of force. A more usefiil way of marking the 
map is to find out those places at whidi the declination 
is the same, and to join these places by a line. The 
Magnetic Map of England which forms the Frontis- 
piece to these Lessons is constructed on this plan. At 
Bristol the compass-needle in 1 888 will point 19° to 
the west of the geographical north. The declination at 
Torquay, at Stafford, at Leeds, and at Hartlepool, will in 
that year be the same as at Bristol. Hence a line joining 
these towns may be called a line of equal declination, or 
an Isogonlo Una. it will be seen from this map that the 
declination is greater in the north-west of England than 

1 For if H = Horlzontil Component of Force, and I = Total Force, uid Q 
= mnileordip,I=H-i-cotO- 
> For HI + VI = I>. ohem V » VntioJ Conpoaenl of Force. 
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in the south-east. We might similarly c 
magnetic map, marking it with lines joining places 
where the dip was equal ; such lines would be called 
Isoolioio lines. In England they run across the map 
from west-south-west to east-north-east. On the globe 
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the isogonic lines run for the most part from the north 
magnetic pole to the south magnetic polar region, but, 
owing to the irregularities of distribution of the earth's 
magnetism, their forms are not simple. The isoclinic 
lines of the globe run round the earth like the parallels 
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of latitude, but are irregular in form. Tlius the line 
joining places where the north-seeking pole of the 
needle dips down 70' runs a.cross England and Wales, 
passes the soulh of Ireland, then crosses the Atlantic in 
a south- westerly direction, traverses the United States, 
swerving northwards, and just crosses the southern tip 
of Alaska. It drops somewhat southward again as it 
crosses China, but again curves northwards as it enters 
Russian territory. Finally il crosses the southern part 
of the Baltic, and reaches England across the German 
Ocean. The chart of the world, given in Fig. 67, shows 
the isoclinic lines of the Northern Hemisphere, and also 
a system of " terrestrial magnetic meridians " meeting 
one another in the North Magnetic pole at A. Il was 
prepared by the Astronomer- Royal, Sir George Airy, for 
his Treatise on Magnelum. 

140. Variations of Barth'e Mafrnetism. — We 
have already mentioned that both the declination and 
the inclination are subject to changes ; some of these 
changes take place very slowly, others occur every year, 
and others again every day. 

141. Secular Cbanges. — Those changes which re- 
quire many years to run their course are called secular 

The vacations of the declination previous to 1 580 
are not recorded ; the compass at London then pointed 1 1 ° 
Au/ of true north. This easterly declination gradually de- 
creased, until in 1657 the compass pointed true north. 
It then moved westward, attaining a maximum of 74* 
27' about the year tSi6, from which time it has slowly 
diminished to its present value of 18° 33' ; it diminishes 
(in England) at about the rate of 7' per year. At 
about the year 1976 it will again point truly north, 
making a complete cycle of changes in about 320 jears. 

The Indiiiation in 1576 was 71° 50', and it slowly 
increased till 1720, when the angle of dip reached 
I valup of 74' 42'. It has since steadily 
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diminished to its present value of 67' 39'. The period in 
which the cycle is completed is not known, but the rate 
of variation of the dip is less at the present time than it 
was fifty years ago. In all parts of the earth both declin- 
ation and inclination are changing similarly. The follow- 
ing table gives the data of the secular changes at London. 
Table or Secular Magnetic Variations. 



v«. 




l«.n..i«. 


IS76 




71° so' 


isSo 


11-17E. 




1600 




72' 0- 


1622 


6°iz' 




1634 


4°o' 




1657 


0' a n.in. 




1676 


3°o'\V. 


73° 30' 


1705 


9°o' 




1720 


13° 0' 


74° 42 "«., 


1760 


19° 30' 




1780 




71' 8' 


iSoo 


24° 6' 


70° 35' 


1S16 


24' 30' max. 




1830 


24' z' 


69*3' 


:si 


23' 0' 

20' 33' 


68' 2' 


1S78 


.9' 14 


67° 43 


iSSo 


18' 40' 


67* 40' 


iSSS 


17° 40' 


f>r 15' 



The Total Magnetic farce, or " Intensity," also 
slowly changes in value. As measured near London it 
was equal to -4791 dyne-unhs in 1848, -4740 in 1866, 
and at the beginning of i88c^ '473^ dyne-units.' Owing 
to the steady decrease of the angle at which the needle 
dips, the horizontal component of this force {i.e. the 
" Horizontal Intensity ") is slightly increasing. It was 
■1716 dyne-units to 1848, and 1797 dyne-units at the 
banning of 18S0. 
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14S. Daily Variations. — Batbcompassand dipping- 
DCedle, if minutely observed, exhibit slight daily motions. 
\bout 7 a.m. the compass needle begins to travel west- 
ward with a motion which lasts till about i p.m. ; during 
the afternoon and evening the needle slowly travels back 
eastward, until about lo p.m. ; after this it rests quiet ; 
but in summer-time the needle begins to move again 
slightly [o the west at about midnight, and returns again 
eastward before 7 a.m. These delicate variations — never 
more than )o' of arc — appear to be connected with the 
position of the sun ; and the moon also exercises a 
minute influence upon the position of the needle. 

143. Annual Variations. — There is also an annual 
variation corresponding with the movement of the earth 
around the sun. In the British Islands the total force 
is greatest in June and least in February, but in the 
Southern Hemisphere, in Tasmania, the reverse is the 
case. The dip also differs with the season of the year, 
the angle of dip being (in England) less during the four 
summer months than in the rest of the year. 

144. Bleven-Teor Period. — General Sabine dis- 
covered that there is a larger amount of variation of the 
declination occurring about once every eleven years. 
Schwabe noticed that the recurrence of these periods 
coincided with the eleven-year periods at which there 
is a maximum of spots on the sun. Professor Balfour 
Stewart and others have endeavoured to trace a similar 
periodicity in the recurrence of aarorEs' and of other 
phenomena. 

145. Mafnetlo Storma — It is sometimes observed 
that a sudden (though very minute) irregular disturbance 
will affect the whole of the compass needles over a con- 
siderable region of the globe. Such occurrences are 
known as magnetic storms ; they frequently occur at 
the time when an aurora is visible. 

140. Self-reoording Ma^rnstlo Aiiparatus. — At 

< Set Leuon X\IV., oa Atmoiphenc ElcctricUj. 
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Kew and other magnetic observatories the daily and 
houriy variations of the magnet are recorded on a 
continuous register. The means employed consists in 
throwing a beam of light from a lamp on to a light mirror 
attached to the magnet whose motion is to be observed. 
A spot of light is thus reflected upon a ribbon of photo- 
graphic paper prepared so as to be sensitive to light. 
The paper is moved continuously forward by a clock- 
work train ; and if the magnet be at rest the dark trace 
on the paper will be simply a straight line. If, however, 
the magnet moves aside, the spot of light reflected from 
the mirror will be displaced, and the photographed line 
will be curved or crooked, Comparison of such records, 
or " magnetograpks," from stations widely apart on the 
earth's surface, promises to afford much light upon the 
cause of the earth's magnetism and of its changes, of 
which hitherto no reliable origin has been with certainty 
assigned. 



a there it m dispUr ^f aurom, and dunnc ■ nugaetic storm ; but i1 
b DDt yel detertniDcd whether these currentB an due to the Tariations in the 
aufiieliun of the eaith, or whether tbe» wutiou are due to the current!. 

ceuse& the aiceDdin; cunents of healed jtir lo be electrified positively 
relatively to the earth. These air-currenta traYeL QOrthward and southward 
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electrified air will act (see An. 337) like Hue electtic currenti, and as tlu 
eanh rotates wilUo them 11 will lie acted upon magnetically. Whether iliii 

quesIIOD- The actioD of the sun and moon in raising tidea in the atmosphcTt 
mifht also account for the variations mentiooed in AiL 141- It is im- 
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CHAPTER III. 

Current Electricity. 

Lesson XIII. — Simple Veliaic Cells. 

147. It has been already mentioned, in Lesson IV, 

now electricity flows away from a charged body through 
any conducting substance, such as a wire oi a. wetted 
string, li, by any arrangement, electricity could be 
supplied to ihe body just as fast as it flowed away, a 
continuous current would be produced. Such a current 
always flows through a. conducting wire, if the ends are 
kept at diflerent electric potentials. In like manner, 
a current of heat flows through a rod of metal if the 
ends are kept at different temperatures, the flow being 
always from the high temperature to the lower. It is 
convenient to regard electricity as flowing from positive 
to negative ; or, in other words, the direction of an electric 
current is from the high potential to the low. It is 
obvious that such a flow tends to bring both to one 
level of potential. The "current" has sometimes been 
regarded as a double transfer of positive electricity in 
one direction, and of negative electricity in the opposite 
direction. The only evidence to support this very un- 
necessary supposition is the fact that, in the decom- 
position of liquids by the current, some of the elements 
are liberated at the point where the potential is highest, 
others at the point where it is lowest. 
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Continuous currents of electricity, such as we have 
described, are usually produced by voltaic alls, or 
batteries of such cells, though there are other sources of 
currents hereafter to be mentioned. 

148. Discoveries of Oalvanl and of Volta. — 
The discovery of electric currents originated with Galvatti, 
a physician of Bologna, who, about the year 1786, made 
a series of curious and important observations upon the 
convulsive motions produced by the " return-shock " (Art 
26) and other electric discha.rges upon a frog's leg. He 
was led by this to the discovery that it was not necessary 
to use an electric machine to produce these effects, but 
that a similar convulsive kick was produced in the fl-og's 
leg when two dissimilar metals, iron and copper, for 
example, were placed in contact with a nerve and a 
muscle respectively, and then brought into contact with 
each other. Galvani imagined this action to be due to 
electricity generated by the frog's leg itself. It was, 
however, proved by Volia, Professor in the University 
of Pavia, that the electricity arose not from the muscle 
or nerve, but from the contact of the dissimilar metals. 
When two metals both in contact with the air or other 
oxidising medium are placed in contact with one another, 
the surface of one becomes positive and of the other nega- 
tive, as stated on p. 67. Though the charges arc very 
feeble, Volta proved their reality by two different methods. 

149. Oontaot Eleotriolty : Proof by tHe Oon- 
densinir Bleotrosoope.— The first method of proof 
devised by Volta involved the use of the Condensing 
Electroscope, alluded to in Art. 71. It can be used in 
the following way to show the production of electrifi- 
cation. A small bar made of two dissimilar metals, line 
and copper soldered together, is held in the hand, and 
one end is touched against the lower plate, the upper 
plate being at the same time joined to " earth " 01 
touched with the hand (Fig. 68). During the con- 
taa electrical separation has taken place at the point 
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where the dissimilar metals touched one another, and 
upon the plates of 
the condenser the op- 
posite charges have 
accumulated. When 
the upper plate is 
lifted off the lower 
one, the capacity of 
the condenser dimin- 
ishes enormously, and 
■' the small quantity of 
electricity is now able 
to raise the potential 
of the plates to a 
. higher degree, and 
^ the gold leaves ac- 
' cordingly expand.' 
150. The Voltaic 
Pila — The second of 
^'•^ ^ Volta's proofs was less 

direct, but even more convincing ; and consisted in 
showing that when a number of such contacts of dis- 
similar metals could be arranged so as to add their 
electrical effects together, those effects were more power- 
ful in proportion to the number of the contacts. With 
this view he constructed the apparatus known (in honour 
of the discoverer) as the Voltalo Pile (Fig. 69). It 
is made by placing a pair of discs of zinc and copper 
in contact with one another, then laying on the copper 
disc a piece of flannel or blotting-paper moistened with 
brine, then another pair of discs of zinc and copper, and 
so on, each pair of discs in the pile being separated 

1 Fotmerly, ihis aclion wbs Bcgounled for by saying thai the el«triciiy 
which WIS " bound " when the plates of the condenser vrers close (ogelber, 
hecomes " free " wben the top plate is lifted up: the above is, however, a 
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by a moist conductor. Such a ^U, if composed of 
a number of such pairs of discs, will produce electricity 
enough to give quite a perceptible shock, if the top and 
bottom discs, or wires connected with 
them, be touched simultaneously with 
the moist fingers. When a single pair 
of metals are placed in contact, one p 
becomes + ly electrical to a certain small 
extent, and the other — ly electrical, or in 
Other words there is a certain difference 
of electric potential (see p. 40) between » 
them. But when a number are thus set 
in series with moist conductors between 
the successive pairs, the difference of 
potential between the first zinc and the 
last copper disc is increased in propor- 
tion to the number of pairs ; for now *■ ** 
all the successive small differences of potential are added 
together. 

161. The Crown of Cups.— Another combination 
devised by Volta was his Couronne de Tosses or Crown 
of Cups. It consisted of a number of cups (Fig. 70), 



filled either with brine or dilute acid, into which dipped 
a number of compound strips, half zinc half copper, 
the zinc portion of one strip dipping into one cup, while 
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the copper portion dipped into the other cup. The 
ditTerence of potential between the first and last cups 
is again proportional to the number of pairs of metal 
strips. This arrangement, though badly adapted for 
such a purpose, is powerful enough to ring an electric 
bell, the wires of which are joined to the first zinc and 
the last copper strip. The electrical action of these 
combinations is, however, best understood by studying 
the phenomena of one single cup or cell. 

162. Simple Voltaic Cell— Place in a glass jar some 
water having a little sulphuric acid or any other oxidising 
acid added to it (Fig. 71). Place in it separately two 
clean strips, one of 
zinc Z, and one of 
copper C. This cell 
is capable of sup- 
plying a continuous 
flow of electricity 
through a wire 
whose ends are 
brought into con- 
nection with the 
two strips. When 
the current flows 
the zinc strip is 
observed lo waste 
away; its consump- 
tion infoct furnishes 
the energy required 
Fig. ji. to drive the current 

through the cell 
and the connecting wire. The cell may therefore be 
regarded as a sort of chemical furnace in which the fiiel 
is zinc. Before the strips are connected by a wire no 
appreciable difference of potential between the copper 
and the zinc will be observed by an electrometer ; 
because the electrometer only measures the potential at 
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a point in the air or oxidising medium outside the linc 
or the copper, not the potentials of the metals them' 
selves. The zinc itself is at about i '86 volts lower 
potential than the surrounding oxidising media (see Art 
4Z3 bis) ; while the copper is at only about 'Si volts 
lower, having a less tendency to become oxidised. 
There is then a latent difference of potential of about 
1-05 volts between the copper and the zinc; but this 
produces no current as long as there is no metallic con- 
tact. If the strips are made to touch, or are joined by 
a pair of metal wires, immediately there is a rush of 
electricity through the metal from the copper to the zinc, 
and a small portion of the zinc is at the same time dis. 
solved away ; the zinc parting with its latent energy as 
its atoms combine with the acid. This energy is ex- 
pended in forcing a discharge of electricity through the 
acid to the copper strip, and thence through the wire 
circuit back to the anc strip. The copper strip, whence 
the current starts on its journey through the external 
circuit, is called the positive pde, and the zinc strip is 
called the negative poU. If two copper wires are united 
to the tops of the two strips, though no current flows so 
long as the wires are kept separate, the wire attached to 
the zinc will be found to be negative, and that attached 
to the copper positive, there being still a tendency for 
the zinc to oxidise and drive electricity through the cell 
from zinc to copper. This state of things is represented 
in Fig. 71 ; and this distribution of potentials led some 
to consider the junction of the zinc with the copper wire 
as the starting point of the current. But the real starting 
point is in the cell at the surface of the zinc where 
the chemical action is furnishing energy ; for from this 
point there are propagated through the liquid certain 
electro-chemical actions (more fully explained in chap. 
xi.) which have the result of constantly renewing the 
difference of potential and supplying electricity to the 
+ pole just as fast as that electricity leaks away through 
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the wire to the — pole. At the same time it will be 
noticed that a few bubbles of hydrogen gas appear on the 
surface of the copper plate. Both these actions go on as 
long as the wires are joined to form a complete circuiL 

163. Effects produoed by Current. — The cur- 
rent itself cannot be seen to tlow through the wire 
circuit ; hence to prove that any particular cell Oi 
combination produces a current requires a knowledge 
of some of the effects which currents can produce. These 
are of various kinds. A current flowing through a thin 
wire will heat it ; flowing near a magnetic needle it will 
cause it to turn ; flowing through water and other 
liquids it decomposes them ; and, lastly, flowing through 
the living body or any sensitive portion of it, it produces 
certain sensations. These effects, thermal, magnetic, 
chemical, and physiological, will be considered in special 
Lessons. 

154. Voltalo Battery. — If a number of such simple 
cells are united in series, the zinc plate of one joined to 
the copper plate of the next, and so on, a greater differ- 
ence of potentials will be produced between the copper 
"pole" at one end of the series and the zinc "pole" at 
the other end. Hence, when the two poles are joined 
by a wire there will be a more powerfiil flow of electricity 
than one cell would cause. Such a combination of 
Voltaic Cells is called a Voltaic Battery.^ 

156. Bleotromotlve -Force. — The term "eUaro- 
mctive-force" is employed to denote that which moves 
or tends to move electricity from one place to another.' 

1 By tome wrilcri the nune Galvanic Balleiy \i givea En honour of 
GalviDi ; bul Ibe boDoui ii certiuiilv VolU't. The elcctridly that Bows 
tbm ID cuttspU b sametiibei called Vellaic SUclricilj, or CaHroKu 
Blfifricil7, or umedmei vnaGulvimitm (St, but, u we ihall ice, it diSen 
only [d degree from Friclional or any olher Electricity, and both can flow 
Ihrou^ viKfl. nod mafoetija iron, and docompoH ohemioal compauods^ 

* The begiimer must not confuM " RlatrttraHet-fara," or Ihac whieh 
tend! to more alwJtriDlty, with EUcIrk "/"m" or that force "ilfa 

" force.' once [or all, as ihil which moves or uodt to move matter. Wher 
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For brevity we sometimes write it E.M.F. In this 
particular case it is obviously the result of the difference 
of potential, and proportional to it Just as in water- 
pipes a. difference of level produces a pressure, and (he 
pressure produces n.fiow so soon as the tap is tomed 
on, so difference of potential produces electromotiveforce, 
and electromotive-force sets up a current so soon as a 
circuit is completed fbi the electricity to flow through. 
Electromotive-force, therefore, may often be conveniently 
expressed as a difference of potential, and vice versA; 
but the student must not forget the distinction. 

166. Volta'B Laws. — Volta showed (Art. 71) that 
the difference of potential between two metals in contact 
depended merely on what metals they were, not on 
their size, nor on the amount of sur&ce in contact. He 
also showed that when a number of metals touch one 
another the difference of potential between the first and 
last of the row is the same as if they touched one 
another directly. A quantitative illustration &om the 
researches of Ayrton and Perry was given in An. 72. 
But the case of a series of cells is different from that of 
a mere row of metals, for, as we have seen, when two 
metals are immersed in a conducting liquid they are 
thereby equalised, or nearly equalised, in potential. 
Hence, if in Che row of cells the zincs and coppers are 
all arranged in one order, so that all of them set up 
electromotive- forces in the same direction, the total 
eleclromotive -force of the series "will be equal to the 
electromotive-force of one cell multiplied by the number 
(f cells. 

167. Hitherto we have spoken only of rinc and 
copper as the materials for a battery ; but batteries may 
be made of any two metais. That battery will have the 
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greatest electromotive -force, or be the most "intense," 
in which those materials are used which give the 
greatest difference of potentials on contact, or which are 
widest apart on the " contact-series " given in Art. 72. 
Zinc and copper are very convenient in this respect ; 
and zinc and silver would be belter but for the expense. 
For more powerful batteries a zinc-platinum or a zinc- 
carbon combination is preferable. 

168, Besiatanoe.— The same electromotive -force 
does not, however, always produce a current of the same 
strength. The strength of the current depends nol only on 
the force tending to drive the electricity round the circuit, 
but also on the resistance which it has to encounter 
and overcome in its flow. If the cells be partly choked 
with sand or sawdust (as is sometimes done in so- 
called " Sawdust Batteries " to prevent spilling), or, if the 
wire provided to complete the circuit be very long or 
very thin, the aaion will be partly stopped, and the 
current will be weaker, although the E.M.F. may be 
unchanged. The analogy of the water-pipes will again 
help us. The pressure which forces the water through 
pipes depends upon the difference of level between the 
cistern from which the water flows and the tap to which 
it flows ; but the amount of water that runs through will 
depend not on the pressure alone, but on the resistance 
it meets with ; for, if the pipe be a very thin one, or 
choked with sand or sawdust, the water will only run 
slowly through. 

Now the metals in general conduct well : their resist- 
ance is small ; but metal wires must not be too thin or 
too long, or they will resist too much, and permit only 
a feeble current to pass through them. The liquids in 
the battery do not conduct nearly so well as the metals. 
and different liquids have different resistances. Pure 
water will hardly conduct at all, and is for the feeble 
electricity of the voltaic battery almost a perfect in- 
sulator, though for the high -potential electricity of the 
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fnctional machines it is, as we have seen, a fair conductor. 
Salt and saltpetre dissolved in water are good con. 
duaors, and so are dilute acids, though strong sul- 
phuric acid is a bad conductor. The resistance of the 
liquid in the cells may be reduced, if desired, by using 
larger plates of metal and putting them nearer together. 
Gases are bad conductors ; hence the bubbles of hydro- 
gen ga5 whicb are given off at the copper plate during 
the action of the cell, and which stick to the sur&cc 
of the copper plate, increase the internal resistance ol 
the cell by diminishing the effective surface of the plates. 

Lesson XW.^CAemica/ Actions in th* Cell. 

160. The production of a current of electricity by a 

voltaic cell is always accompanied by chemical actions 
in the cell One of the metals at least must be readily 
oxidisable, and the liquid must be one capable of acting 
on the metal. As r. matter of fact, it is found that zinc 
and the other metals which stand at the eleitropositive 
end of the contact-series (see Art. 72) are oxidisable ; 
whilst the electronegative substances — copper, silver, 
gold, platinum, and graphite — are less oxidisable, and 
the last three resist the action of every single acid. 
There is no proof that their electrical behaviour is due to 
their chemical behaviour; nor is their chemical behaviour 
due to their electrical. Probably both result from a 
common cause. (See Article 422 (bis), and also p. 71.) 

160. A piece of quite pure zinc when dipped alone 
into dilute sulphiuic acid is not attacked by the liquid. 
But the ordinary commercial zinc is not pure, and when 
plunged into dilute sulphuric acid dissolves away, a large 
quantity of bubbles of hydrogen gas being given off from 
the surface of the metal. Sulphuric acid is a complex 
substance, in which every molecule is made up of a 
group of atoms, — 3 of Hydrogen, I of Sulphur, and 4 of 
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Oxygen ; or, in symbols, H,SO,. The chemical i< 
by which the zinc enters into combination with the 
radical of the acid, turning out the hydrogen, is espressed 
in the IbUowing equation : — 

Zn + HjjSOj = ZnSO^ + H, 

Zinc and Sulphuric Acid producQ SutpluUc of Snc and Hydtogen. 
The sulphate of zinc produced in this reaction remains 
in solution in the liquid. 

Now, when a plate of pure zinc and a plate of some 
less-easily oxidisable metal — -copper or platinum, or, best 
of all, carbon (the hard carbon from the gas retorts) — 
are put side by side into the cell containing acid, no 
appreciable chemical action takes place until the circuit 
is completed by joining the two plates with a wire, or by 
making them touch one another. Directly the circuit is 
completed a current flows and the chemical actions 
begin, the zinc dissolving in the acid, and the acid giving 
up its hydrogen in streams of bubbles. But it will be 
noticed that these bubbles of hydrogen are evolved nol 
at the zinc plate, nor yet throughout the liquid, but ai ike 
surface of the copper plate (or the carbon plate if carbon 
is employed). This apparent transfer of the hydrogen 
gas through the liquid from the surface of the zinc plate 
to the surface of the copper plate where it appears is 
very remarkable. The ingenious theory framed by 
Grotthuss to account for it, is explained in Lesson 
XXXVIII. on Electro-chemistry. 

These chemical actions go on as long as the current 
passes. The quantity of zinc used up in each cell is 
propiortional to the amount of electricity which flows 
round the circuit while the battery is at work ; or, in 
other words, is proportional to the strength of the 
current. The quantity of hydrogen gas evolved is also 
proportional to the amount of zinc consumed, and also 
to lie strength of the current. After the acid has thus 
dissolved rinc in it, it will no longer act as a corrosive 
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solvent; it has b«n "killed," as workmen say, for it 
has been turned into sulphate of line The battery will 
cease to act, therefore, either when the linc has all dis- 
solved away, or when the acid has become exhausted, 
that is to say, when it is all turned into sulphate of zinc. 
Stout zinc plates will last a long time, but the acids 
require to be renewed frequently, the spent liquor being 
emptied out 

161. Looal Action. — When the circuit is not closed 
the current cannot flow, and there should be no chemical 
action so long as the battery is producing no current 
The impure anc of commerce, however, does not re- 
main quiescent in the acid, but is continually dissolving 
and giving off hydrogen bubbles. This local aotion, 
as it is termed, is explained in the following manner ; — 
The impurities in the zinc consist of particles of iron, 
arsenic, and other metals. Suppose a particle of iron to 
be on the surface anywhere and in contact with the acid. 
It will behave like the copper plate of a battery towards 
the zinc particles in its neighbourhood, for a local differ- 
ence of potential will be set up at the point where there 
is metallic contact, causing a local current to run from 
the particles of zinc through the acid to the particle of 
iron, and so there will be a constant wasting of the zinc, 
both when the battery circuit is closed and when it is open. 

162. Amalgamatioii of Zinc. — We see now why a 
piece of ordinary commercial zinc is attacked on being 
placed in acid There is local action set up all over its 
sur&ce in consequence of the metallic impurities in it. 
To do away with this local action, and abolish the 
wasting of the zinc while the battery is at rest, it is usual 
to amalgamate the surface of the zinc plates with 
mercury. The surface to be amalgamated should be 
cleaned by dipping into acid, and then a few drops of 
mercury should be poured over the surface and rubbed 
into it with a bit of linen rag tied to a stick. The 
mercury unites with the zinc at the surface, forming a 
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pasty amalgam. The iron particles do not dissolve in 
the mercury, but float up to the surface, whence the 
hydrogen bubbles which may form speedily cany them 
off. As the zinc in this pasty amalgam dissolves into 
tlie acid the film of mercury unites with fresh portions 
of zinc, and so presents always a clean bright surface to 
the liquid. 

A newei and better process is to add abont 4 pei cent ot 
mercorj to the molteD zinc before casting into plates or rods. 
If the line plates of a battery are well amalgamaled there should 
be no evolution of hjnfn^en bubbles when the circuit is open. 
Nevertheless there is still Blwa.;s a little wasteful local action 
during the action of the battery. Jacotu found that while one 
part of hydrogen was evolved at the positive pole, 33 '6 parts ot 
line were dissolved at the negative pole, instead of the 3i'5 
parts which are the cbemical equivalent of the hydrogen. 

163. Polarisation. — The bubbles of hydn^en gas 
liberated at the surface of the copper plate stick to 
it in great numbers, and form a film over its surface ; 
hence the effective amount of surface of the copper plate 
is very seriously reduced in a short time. When a 
simple cell, or battery of such cells, is set to produce a 
current, it is found that the strength of the current after 
a few minutes, or even seconds, fells off very greatly, 
and may even be almost stopped. This immediate 
felling off in the strength of the cuireot, which can be 
observed with any galvanometer and a pair of zinc and 
copper plates dipping into acid, is almost entirely due to 
the film of hydrt^en bubbles sticking to the copper pole. 
A battery which ts in this condition is said to be 
" polarised." 

ia4. Effects of polarisation. — The film of hydro- 
gen bubbles affects the strength of the current of the cell 

Firstly, It weakens the current by the increased resist- 
ance which it offers to the flow, for bubbles of gas are 
bad conductors ; and. 

Secondly, It weakens the current by setting up an 
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Opposing electromotive-force; for hydrogen is almost as 
oxidisable a substance as zinc, especially when freshly 
deposited (or in a "nascent " state), and is electropositive, 
standing high in the series on p. 69, Hence the 
hydrogen itself produces a difference of potential, which 
would tend to start a current in the opposite direction to 
ihe true linc-to-copper current. 

It is therefore a very important matter 10 abolish this 
polarisation, otherwise the currents furnished by batteries 
would not be constant. 

165. Remedies against Internal Polarisation. 
— Various remedies have been practised to reduce or 
prevent the polarisation of cells. These may be classed 
as mechanical, chemical, and electro-chemical. 

1. Mechanical Means. — If the hydrogen bubbles be 
simply brushed away from the surface of the positive 
pole, the resistance they caused will be diminished. If 
air be blown into the acid solution through a tube, or if 
the liquid be agitated or kept in constant circulation by 
siphons, the resistance is also diminished. If the sur&ce 
be rough or covered with points, the bubbles collect more 
freely at the points and are quickly carried up to the 
surface, and so got rid of. This remedy was applied in 
Smee's Oell, which consisted of a zinc and a platinised 
silver plate dipping into dilute sulphuric acid ; the silver 
plate, having its surface thus covered with a rough coat- 
ing of finely divided platinum, gave up the hydrogen 
bubbles freely ; nevertheless, in a battery of Smee Cells 
the current falls off greatly after a few minutes. 

2. Chemical Means. — If a highly-oxidising substance 
be added to the acid it will destroy the hydrogen bubbles 
whilst they are still in the nascent state; and thus will 
prevent both the increased internal resistance and the 
opposing electromotive - force. Such substances are 
bichromate of potash, nitric acid, and bleaching powder 
(so-called chloride of lime). These substances, however, 
would attack the copper in a zinc-copper cell. Hence 
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they can only be made use of in zinc-carbon or zinc- 
platinum cells. Nitric acid also attacks zinc when the 
circuit is open. Hence it cannot be employed in the 
same single cell with the zinc plate. In the Bichro- 
mate Battery, invented by Poggendorf, bichromate 
of potash is added 
to the sulphuric acid. 
This cell is most con- 
veniently made up as 
a " bottle battery " 
(Fig. 72), in which a 
plate of zinc is the — 
pole, and a pair of 
carbon plates, one on 
each side of the zinc, 
are joined together at 
the top as a -f pole. 
As this solution acts 
on the metal zinc 
when the circuit is 
open, the zinc plate 
is fixed to a rod by 
which it can be drawn 
'^' '"' up out of the solution 

when the cell is not being worked. Other cases of 
chemical prevention of polarisation are mentioned in 
describing other forms of battery. 

3. Eleclro-chefnical Means. — It is possible by employ- 
ing double cells, as explained in the next Lesson, to so 
arrange matters that some solid metal, such as copper, 
shall be liberated instead of hydrogen bubbles, at the 
point where the current leaves the liquid. This electro 
chemical exchange entirely obviates polarisation. 

166. Simple Laws of Chemical Action in the 
CelL— We will conclude this section by enumerating the 
two simple Laws of chemical action in the cell. 

L The amount of chemical action in the cell is projtor- 
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Honai, to the quimiity of electricity that passes through it, 
—that is to say, is proportional to the strength of the 
current while it passes. 

One coulomb^ of electricity in passing through the cell 
liberates j^ j^p (or -000010352) of a gramme of hydro- 
gen, and causes a^Voo (<"■ ■00033644) of a gramme of 
zinc to dissolve in the acid. 

II. The amount of chemical aetion is equal in each cell 
of a battery consisting of cells joined in series. 

The first of these laws was thought by Faraday, who 
discovered it, to disprove Volta's contact theory, He 
foresaw that the principle of the conservation of energy 
would preclude a mete contact force from furnishing a 
continuous supply of current, and hence ascribed the 
current to the chemical actions which were proportional 
in quantity to it. How the views of Volta and Faraday 
are to be harmonised has been indicated in the last 
paragraph of Arc 72. 

Lesson XV. — VoUmc Batteries. 

167. A good Voltaic Battery should fulfil all or most 
of the following conditions : — 

1. Its electromotive-force should be high and con- 

3. Its internal resistance should be small. 

3. It should give a constant current, and therefore 

must be free from polarisation, and not liable 
to rapid exhaustion, requiring frequent renewal 
of the acid. 

4, It should be perfectly quiescent when the circuit 

5- It should be cheap and of durable materials. 
6. It should be manageable, and if possible, should 

a pnctical tmit if q%*nlitt of 
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168. No single battery fulfils all these conditions, 
however, and some batteries are better for one purpose 
and some for another. Thus, for telegraphing through 
a long line of wire a considerahle internal resistance in 
the battery is no great disadvantage ; while, for producing 
an electric light, much internal resistance is absolutely 
fatal. The electromotive-force of a battery d^ends on 
the materials of the ceil, and on the number of cells 
linked together, and a high E.M.F. can therefore bo 
gained by choosing the right substances and by taking 
a large number of cells. The resistance within the cell 
can be diminished by increasing the siie of the plates, 
by bringing them near together, so that the thickness 
of the liquid between them may be as small as possible, 
and by choosing liquids that are good conductors. Of 
the innumerable forms of battery that have been invented, 
only those of first importance can be described. Batteries 
may be classified into two groups, according as they 
contain one or two fluids, or electrolytes. 



Single-Fluid Cells 

169. The simple cell of Volta, with its zinc and copper plates, 
has been already described. Cruickshank su^ested to place 
the plates vertically in a troi^h, producing a inore powerful 
combinalion. Dr. Wollaston proposed lo use a plate of copper 
of double size, bent round so as to approach the zinc on both 
^des, thus diminishing the resistance. Smee, as we have seen, 
replaced the copper plate by platinised silver, and Walker 
suggested the use of plates of hard carbon instead of copper or 
silver, thereby saving cost, and at the same lime increasing the 
electromotive -force. The simple bichromate cell (Fig- 7^1 i* 
almost the only single-fluid cell free from polarisation, and even 
in this form the strengtb of the current falls off after a few 
minutes' working, awing to the cheinical reduction of the liquid. 
Pabst uses an iton-caibon cell with perchloride of iron as the 
exciting liquid. The iron dissolves and chlorine is at first 
evolved ; but without polaiisaiion ; the liquid regenerating itself 
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by absorbing oxygen from the air, II is very constant, but of 
low E.M.F. Complete depolarisatlon is iisuaily obtained by 
two-fluid cells, or by cells in which in addition to the one fluid 
there is a depolarising solid body, such as oxide of manganese, 
oxide of copper, or peroxide of lead, in contact with the carbon 
pole. Such cells do not really belong to the class of single-fluid 
cells, and they are considered in the next group in which there 
are two electrolytes. 

Two-Fluid Cells. 

170. Danlell'B Battery. — Each cell or " element " 
of Daniell's Battery consists of an inner and an outer 
cell, divided by a porous partition 
to keep the separate liquids in 
the two cells from ipixing. The 
outer cell (Fig. 73) is usually of 
copper, and serves also as a ' 
copper plate. Within it is placed 
a cylindrical cell of unglazed 
porous porcelain (a cell of parch- 
ment, or even of brown paper, 
will answer), and in this is a 
rod of amalgamated zinc for the 
negative pole. The liquid in p- 

the inner cell is dilute sulphuric 

acid ; that in the outer cell is a saturated solution of 
sulphate of copper {" blue vitriol "), some spare crystals 
of the same substance being contained in a perforated 
shelf at the top of the cell, in order that they may 
dissolve and replace that which is used up while the 
battery is in action. 

When the circuit is closed the zinc dissolves in the dilute 
acid, forming sulphate of linc, and liberating hydrogen gas ; bu! 
this gas does nal appear in bubbles on the surface of the copper 
cell, for, since the inner cell is porous, the molecular actions 
(by which the freed atoms of hydrogen are, as explained by 
F'E- 'SS. handed on through the acid) traverse the pores of the 
inner cell, and there, in the solution of sulphate of copper, the 
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hydrogen atoms are exdmnged for copper atoms, the result 
being that pure copper, and not hj^irogen gaa, h dcpouted 
on the outer copper plate. Chemically theiie actions map be 
represented as taking place in two stages. 

Zn + H, S0< = Zn SO^ + H, 

Zinc and Sulphuric Adit produce SulpfaUe of Zinc ud Hrdrages 
And (ben 

H, + CiiSO^ - H, SO, + Cu. 

HydroEca and Sulphalo of Copper produce Sulphuric Acid and Copper^ 

The hydrogen is, as it were, translated electro-chemically into 
copper during the round of changes, and so while the due dis- 
solves away ^e copper grows, the dilute sulphuric add gradually 
changing into tutphate of linc, and the stilphate of copper into 
sulphuric add. There is therefore no polaiisation so long aa 
the copper solution is saturated ; and the battery is very 
constant, though not so constant in all cases as Clark's standard 
cell described b Art, 177, owing to slight variations in the 
electromotive-force as the composition of the other finid varies. 
When sulphuric acid diluted with twelve parts of water is used 
the E.M.F. is i-igi (legal) volts. The E.M.F. is i'047 volu 
when concentrated dnc sulphate is used; fO? volts when 
a half-concentrated solution of linc sulphate is used ; and, in 
the common cells made up with water or dilute acid, 1 "oaS 
volts or less. Ovrii^ to its constancy, this battery, made 
ap in a convenient Rat form (Fig. 77), lias been much used 
In tel^raphy. 

171. GhxJve'B Batterr.— Sir Wm, Grove devised a 
form of battery having both greater E.M.F. and smaller 
internal resistance than Daniell's CeJL In Grove's 
element there is an outer cell of glazed ware or of 
ebonite, containing the amalgamated zinc plate and 
dilute sulphuric acid. In the inner porous eel! a piece 
of platinum foil serves as the negative pole, and it dips 
into the strongest nitric acid. There is no polarisation 
in this cell, for the hydrogen liberated by the solution ol 
the 2inc in dilute sulphuric acid, in passing through the 
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nitric acid id order to appear at the platinum pole, de- 
composes the nitric acid and is itself oxidized, producing 
water and the red fumes of nitric peroxide gas. This 
gas does not, however, produce polarisation, for as it is 
very soluble in nitric acid it does not form a film upon 
the face of the platinum plate, nor does it, like hydrogen, 
set up an opposing electromotive -force with the zinc. 
The Grove cells may be made of a flat shape, the zinc 
bemg bent up so as to embrace the flat porous cell on 
both sides. This reduces the internal resistance, which 
is already small on account of the good conducting 
powers of nitric acid. Hence the Grove's cell will 
furnish for three or four hours continuously a powerful 
current. The E.M.F. of one cell is about 1-9 volts, A 
single cell will readily raise to a bright red heat two or 
three inches of thin platinum wire, or drive a small 
electro -magnetic engine. For producing larger effects 
a number of cells must be joined up " in series," the 
platinum of one cell being clamped to the zinc of the 
next to it. Fifty such cells, each holding about a quart 
of liquid, amply suffice to produce an electric light, as 
wiU be explained in Lesson XXXII. 

172. Bunaen's Battery. — The battery which bears 
Bunsen's name is a modification of that of Grove, and 
was indeed originally suggested by him. In the Bunsen 
cell the expensive' platinum foil is replaced by a rod or 
slab of hard gas carbon. The difficulty of cutting this 
into thin slabs causes a cylindrical form of battery, with 
a rod of carbon, as shown in Fig. 74, to be preferred to 
the flat form. The difference of potentials for a zinc- 
carbon combination is a little higher than for a zinc- 
platinum one, which is an advantage ; but the Bunsen 
cell is troublesome to keep in order, and there is some 
difficulty in making a good contact between the rough 

1 Plfll in u m co0a aboDt 30 ihillioffs u ounce — neorfy hvlf u miKh u gold ; 
irUkahnwIrcdweiihtoftlH gu cu-boo may bs tud for a men tiiA^ o(Ud 
tot Dothiaii; odafC thaa thfl coU or CHTying it frooi tho gajworkL 
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surface of the carbon ajid the copper strap which 
connects the carbon of one cell to the zinc of the next 
Fig. 75 shows the usual way of 
coupling up a series of five such 
cells. The Bunsen's battery will 
continue to furnish a current for 
a longer time than the fiat 
Grove's cells, on account of the 
larger quantity of acid contained 
by the cylindrical pots.' 

173. Leclanohe's Battery: 
Niaudet's Battery. — For work- 
ing electric bells and telephones, 
and also to a limited extent in 
telegraphy, a zinc-carbon cell is 
^^' '*■ employed, invented by Mons. 

Leclanch^, in which the exciting liquid is not dilute 
acid, but a solution of salammoniac. In this the zinc 
dissolves, forming a double chloride of zinc and am- 
monia, while ammonia gas and hydrogen are liberated 



at the carbon pole. To prevent polarisation the carbon 
plate is packed inside a porous pot along with frag- 



strong nunc acid, Ihe nnca dipping inlo dilu 
iHrcumslances ii not acted upon by the a 

1 lilm of magiuitic peroxide, or cf oxygen. 
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ments of carbon and powdered binoxide of manga- 
nese, a substance which slowly yields up oxygen and 
destroys the hydrogen bubbles. If used to give a 
continuous current for many minutes together, the 
power of the cell falls off owing to the accumulation of 
the hydrogen bubbles ; but if left to itself for a time the 
cell recovers itself, the binoxide gradually destroying the 
polarisation. As the cell is in other respects perfectly 
constant, and does not require renewing for months or 
years, it is well adapted for domestic purposes. Three 
Leclanchd cells are shown Joined in series, in Fig. 76. 



F[g.76. 

In more recent forms the binoxide of manganese is 
applied in a conglomerate attached to the face of the 
carbon, thus avoiding the necessity of using a porous 
inner cell 

Mons, Niaiidet has also conslructed a iinc-carbon cell in 
which the xinc is placed in a solution of common salt (chloride 
of sodium), a.nd the caibon is surrounded by the so-called 
chloride-of-lime (or bleaching-powder), which readily gives up 
chlorine and oxj^en, both of which substances will destroy the 
hydrogen bubbles and prevent polarisation. This cell has a 
higher E.M.F. and a less resistance than the Leclanche. De 
L^nde and Chaperon propose a cell in which oxide of copper 
is used as a solid depolariser in a solution of caustic potash. 

174. De la Rue's Battery- — Mr, De la Rue has 
constructed a perfectly constant cell in which zinc and 
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silver are the two metals, the zinc being immersed in 
ctiloride of zinc, and the silver embedded in a sticlc ot 
fused chloride of silver. As the zinc dissolves away, 
metallic silver is deposited upon the + pole, just as the 
copper is in the Daniell's celL Mr. Dc la Rue has con- 
structed an enormous battery of over ii,ooo little cells. 
The difference of potential between the first linc and 
last silver of this gigantic battery was over i i,ooo volts, 
yet even so no spark would jump from the -i- to the — 
pole until they were brought to within less than a quartet 
of an inch of one another. With 8040 cells the length 
of spark was only o-oS of an inch. 

175. ISaxiA Davy's Battery. — In this cell the zinc 
dips into sulphate of zinc, while a carbon plate dips into 
a pasty solution of mercurous sulphate. When the cell 
is in action mercury is deposited on the surface of the 
carbon, so that the cell is virtually a zinc-mercury celL 
It was largely used for telegraphy in France before the 
inirodurtion of the Leclanch^ cell. 

176. aravitation Batteries. — Instead of employing 
a porous cell to keep the two liquids separate, it is pos- 
sible, where one of the liquids is heavier than the other, 
to arrange that the heavier liquid shall form a stratum 
at the bottom of the cell, the lighter floating upon it. 
Such arrangements are called gravitation batteries; but 
the separation is never perfect, the heavy liquid slowly 
diffusing upwards. Daniell's cells arranged as gravi- 
tation batteries have been contrived by Mei dinger, 
Minotto, Callaud, and Sir. W. Thomson. In Siemens' 
modification of Daniell's cell paper-pulp is used to 
separate the two liquids. The "Sawdust Battery" of 
Sir W. Thomson is a Daniell's battery, having the cells 
GUed with sawdust, to prevent spilling and make them 
portable. 

177. Latimer Clark's Standard OeU. — A standard 
cell whose E.M.F. is even more constant than that of 
the Daniell was suggested by Latimer Clark. This 
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battery is composed of pure mercury, on which floats a 
paste of mercurous sulphate, a plate of zinc testing on 
the paste. Contact with the mercury, which acts as 
the positive pole, is made with a platinum wire. The 
E.M,F. is 1-436 legal volts. 

178. The following table gives the electromotive-forces 
of the various batteries enumerated : — 



NameorBvtoy. «•& 


E.M.F. iD(legaJ)Vo]u. | 


Sin^e-Fluid Cills. 

Voila(Wollaston. etc.) 

Smee .... 

PoK[e>"lorff(Grenel, Troav^ 
etc.) . 

Pabst .... 
Two-Fluid Cells. 

Daniell (Meidinger, Minolta, 
Thomson, etc) 

Grove 

Bunsen .... 

Lecbnch<! 

NUudet . . . . 

Laknde and Chaperon 

De la Rue 

Marie Davy . 

Latimer Clark (Standard) . 
Seamdary Balleria. 

Riiter .... 

PlaDt<< (Faure, Sellon, etc.) 


2-27- 
078 

I'ln— 107- 

1-934 

I -941 

>-59-' 


-o-8l 
? 

-1-77 

-1047— i-oa8 

-1-76 
-'■73 
46—1 -408 
63 

66 
046 
SO 
436 

— 1-47 

-1-96 



179. Strensrth of Ourrent — The student must not 
mistake the figures given in the above (able for the 
strength of current which the various batteries will 
yield; that depends, as was said in Lesson XIII., on 
the internal resistance of the cells as well as on their 
E.M.F. The E.M.F. of a cell is independent of its 
uze, and is determined solely by the materials chosen 
and their condition. The resistance depends 00 the 
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size of the cell, the conducting qualities of the liquid, 
the thickness of the liquid which the current must 

The exact definition of the strenerth of a current is 
OS follows : The strength a/ a current is the quantity of 
electricity which flows past any point of the circuit in one 
second} Suppose that during lo seconds 25 coulombs 
of electricity flow through a circuit, then the average 
strength of that strong current during that time has been 
2j coulombs per second, or l\ ampires. The usual 
strength of currents used in tetegraphing over main 
lines is only from five to ten thousandths of an ampire. 

If in t seconds a quantity of electricity Q has flowed 
through the circuit, then the strength C of the current 
during that time is represented by the equation ; 

c.«. 

Moreover, if C represents the strength of the current, 

the total quantity of electricity that has passed through 

the circuit in a given time, / is found by multiplying the 

strength of the current by the time ; ov 

Q.C/. 

For the quantity of electricity that is thus transferred 
will be proportional to the strength of the flow, and to 
the time that it continues. 

The laws which determine the strength of a current 
to a circuit were first enunciated by Dr. G. S. Ohm, who 
stated them in the following law : 

180. Ohm's Law. — The strength 0/ the current 
varies directly as the electromotive -force, and inversely 

1 The termi "ftwnj," "greal," and "intBnse," u applied 10 citncDts, 
mean pncisdy the ume thing. Formerly, beJore Ohm's Lav wu properly 
uiKlentaod, vlectriciaru ufted la bUk about ''Quanlily cunenlit" and 

a circuit in which there ii Tcir tmall miataiur inside the batleiy or out 
and bjr the latter ejq>tet9ioii the]r deaiaaatecl ■ cuTTem due to a hi^ ilittre- 
mtUnJirtt, The teniu wen convcDienl, but ihould be avoided ■> bIb- 



l;,GOOt^l>J 
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? of the circuit J or, in other words, any- 
thing that makes the E.M.F. of the cell greater will 
increase the strength of the current, while anything that 
increases the resistance (either the internal resistance in 
the cells themselves or the resistance of the external 
wires of the circuit) will diminish the strength of the 
current (See further concerning Ohm's Law in Lesson 
XXIX.) 

Now the internal resistances of the cells we have 
named differ very greatly, and differ with their size. 
Roughly speaking we may say that the resistance in a 
Daniell's cell is about five times that in a Grove's cell of 
equal size. The Grove's cell has therefore both a 
higher E.M.F. and less internal resistance. It would 
in fact send a current about eight times as strong as 
the Daniell's cell of equal size through a short stout 

181. We may then increase the streogth of a battery 
in two ways : — 

(i) by increasing its E.M.F. 
(z) by diminishing its internal resistance, 
The electromotive -force of a cell being determined 
by the materials of which it is made, the only way to 



the total E.M.F. of a battery of given materials 
number of cells joined in series. It is 
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frequent in the telegraph service to link thus together 
two or three hundred of the fiat Daniell's celts ; and 
they are usually made up in trough-like boxes, containing 
a series of lo cells, as shown in Fig. 77, 

To diminish the internal resistance of a cell the follow- 
ing expedients may be resorted to : — 

(i.) The plates may be brought nearer together, so 
that the current shall not have to traverse so thick a 
stratum of liquid. 

(2.) The siie of the plates may be increased, as this 
affords the current, as it were, a greater number ol 
possible paths through the stratum of liquid. 

(3.) The zincs of several cells may be joined together, 
to form, as it were, one large zinc plate, the coppers 
being also joined to form one large copper plate. Cells 
thus joined are said to be united " in parallel circuit," 
or " for quantity," to distinguish this method of joining 
from the joining in simple series. Suppose four similar 
cells thus joined, the current has four times the available 
number of paths by which it can traverse the liquid 
from zinc to copper ; hence the internal resistance of the 
whole will be only ^ of that of a single cell. But the 
E.M.F. of them will be no greater thus than that of 
one cell 

It is most important for the student to remember that 
the strength of the current is also affected by the resist- 
ances of the wires of the external circuit ; and if the 
external resistance be already great, as in telegraphing 
through a long line, it is little use to diminish the internal 
resistance if this is already much smaller than the resist- 
ance of the line jvire. 

The E.M.F. of the single-fluid cells of Volta and Smec 
Is marked as doubtful, for the opposing E.M.F. of polar- 
isation sets in almost before the true E.M.F. of the cell 
can be measured. The different values assigned to other 
cells are accounted for by the different degrees of con- 
centration of the liquids. Thus in the Daniell's cells 
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used in telegraphy, water only is supplied at first in the 
cells containing the zincs ; and the E.M.F. of these is less 
than if acid or sulphate of linc were added to the water. 

182. — Other Batteries. — Numerous other forms of battery 
have been su^ested by different electricians. There are three, 
of theoretical interest only, in which the electromotive-force is 
due, not to differences of potential at the contact of dissimilai 
trulals, but to differences of potential at the contact of a metal 
or metals with liquids. The first of these was invented by the 
EmpeniT Napoleon IIL Both plates were of copper, dipping 
respectively into solutions of dilute sulphuric acid and of 
caustic soda, separated by a porous cell. The second of these 
combinations, due to Wohler, employs plates of aluminium only, 
dipping respectively into strong nitric acid and a solution of 
caustic soda. In the third, invented by Dr. Fleming, the two 
liquids do not even touch one another, being joined together by 
a second metal. In this case the liquids chosen are sodium 
persulphide and nitric add, and the two metals copper and lead. 
A siinilai' battery might be made with copper and zinc, using 
solutions of ordinary sodium sulphide, and dilute sulphuric add 
in alternate cells, a bent linc plate dipping into the first and 
second cells, a bent copper plate dipping into second and third, 
and so on; for the electromotive -force of a copper ■ sodium 
sulphide-zinc combination is in the reveise direction to that of a 
copper-sulphuric acid-zinc combination. 

Bennett has lately described a cheap and most effident battery, 
in which the metals are iron and zinc, and the exciting liquid a 
strong solution of caustic soda. Old meat-canisters packed with 
iron filings answer well for the positive dement, and serve to 
conlun the solution. Scrap linc thrown into mercury in a 
shallow inner cup of porcelain forms the n^ative pole. 

Skrivanoffhas modified the zinc-carbon cell of Latimer Clark, 
by employing a stiff paste made of ammonio-mercuric chloride 
and coEiraon salt, thereby rendering the cells dry and portable. 

Jablochkoffhas described a battery in which plates of carbon 
and iron are placed in fused nitre ; the carbon is here the 
electro-positive element, being rapidly consumed in the liquid. 

PlantS's and Faure's Secondary Batteries, and Grove's 
Gas Battery, are described in Arts. 415, 416. 

The so-called Dry Pile of Zamboni deserves notice. 
" a niunber of paper discs, coated with zinc- 
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foil on one side and with binoxide of manganese on the 
other, piled upon one another, to the number of some 
thousands, in a glass tube. Its tntemai resistance is 
enormous, as the internal conductor is the moisture of 
the paper, and this is slight ; but its electromotive-fbrce 
is very great, and a good dry pile will yield sparks. 
Many years may elapse before the linc is completely 
oxidised or the manganese exhausted. In the Clarendon 
Laboratory at Oxford there is a dry pile, the poles of 
which are two metal bells : between them is bung a 
small brass ball, which, by oscillating to and fro, slowly 
discharges the electricity. It has now been continuously 
ringing the bells for over forty years. 

183. Bffeot of Heat on Batteries. — If a cell be 
warmed it yields a stronger current than when cold. 
This is chiefly due to the fact that the liquids conduct 
better when warm, the internal resistance being thereby 
reduced. A slight change is also observed in the E.M.F. 
on heating ; thus the E.M.F. of a Daniell's cell is about 
1 1 per cent higher when warmed to the temperature of 
boiling water, while that of a bichromate battery foils off 
nearly 3 per cent under similar c' 



Lesson XVl.—MagnetU Actions of the Current. 

184, About the year 1802 Roniagnosi, of Trente, 
discovered that a voltaic pile affects a magnetised 
needle, and causes it to turn aside from its usual posi- 
tion. The discovery, however, dropped into oblivion, 
having never been published. A connection of some 
kind between magnetism and electricity had long been 
suspected. Lightning had been known to monetise 
knives and other objects of steel ; but almost all 
attempts to imitate these effects by powerful charges o( 
electricity, or by sending currents of eleariciiy through 
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steel bars, had failed. ^ The true connection between 
magnetism and electricity remained to be discovered. 

In i3i9, Oerstedt, of Copenhagen, showed that a 
magnet tends to set itself at right-angles to a wire carry- 
ing an electric current. He also found that the way in 
which the needle turns, whether to the right or the left 
of its usual position, depends upon the position of the 
wire that carries the current — whether it is above or 
below the needle, — and on the direction in which the 
current flows through the wire. 

1S5. Oerstedt's Experiment— Very simple appar- 
atus suffices to repeat the fundamental experiment. Let 
a magnetic needle be suspended on a pointed pivot, as 
in Fig. 78, Above it, and parallel to it, is held a stout 




copper wire, one end of which is joined to one pole of a 
battery of one or two cells. The other end of the wire 
is then brought into contact with the other pole of the 
battery. As soon as the circuit is completed the current 
flows through the wire and the needle turns briskly aside. 



If the CI 



Lt be flowing along the wire aim'e the needle 
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in the direction from north to south, it will cause the 
N. -seeking end of the needle to turn eastwards : if the 
current flows from south to north in the wire the N.-seek- 
ing end of the needle will be deflected westwards. If 
the wire is, however, belo-w the needle, the motions will 
be reversed, and a current flowing from north to south 
will cause the N. -seeking pole to turn westwards. 

laa. Ampere's Rule. — To keep these movements 
in memorj', Ampere suggested the following fanciful but 
useful rule. Suppose a man swimming in the wire -with 
the current, and that he turns so as to face the needle, then 
the N.-seeking pole of the needle imlt be deflected towards 
his left hand. In other words, the deflection of the 
N.-seeking pole of a magnetic needle, as viewed from 
the conductor, is towards the lefl of the current. 

For certain particular cases in wtiich a fixed magnet pole acts 
on a movable dicuit, the following converse to Ampiris Sule 
will be found convenient. Suppose a man swimming in the 
wire with the current, and that he turns so as to look along the 
direction of the lines of force of the pole (i.e. as the lines of 
force run, from the pole if it be N. -seeking, towards the pole if it 
be S. -seeking), then he and the conducting wire with him will be 
ui^ed toward his left. 

187. A little consideration will show that if a current 
be carried Mow a needle in one direc- 
m, and then back in the opposite 
rection above the needle, by bending 
e wire round, as in Fig. 79, the 
forces exerted on the needle by both 
portions of the current will be in the 
le direction. For let a be the 
i N.-seeking, and b the S. -seeking, pole 
of the suspended needle, then the 
j^ tendency of the current in the lower 

part of the wire will be to turn the 
) that a comes towards the observer, while b 
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retreats ; while the current flowing above, which also 
deflects the N.-seeking pole to its left, will equally urge 
a towards the observer, and b from him. The needle 
will not stand out completely at right-angles to the 
direction of the wire conductor, but will take an oblique 
position. The directive forces of the earth's magnetism 
are tending to make the needle point north-and-south. 
The electric current is acting on the needle, tending 
to make it set itself west -and -east. The resultant 
force will be in an oblique direction between these, 
and will depend upon the relative strength of the two 
conflicting forces. If the current is very strong the 
needle will turn widely round ; but could only turn com. 
pletely to a right-angle if the current were infinitely strong. 
\t, however, the current is feeble in comparison with the 
directive magnetic force, the needle will turn very little. 

188. This arrangement will, therefore, serve roughly 
as a Qalvanoaoope or indicator of currents ; for the 
movement of the needle shows the direction of the 
current, and indicates whether it is a strong or a weak 
one. This apparatus is too rough to detect very delicate 
currents. To obtain a more sensitive instrument there 
are two possible courses : (('.) Increase the efTective 
airtion of the current by carrying the wire more than 
once round the needle : (iV.) Decrease the opposing 
directive force of the earth's magnetism by some com- 
pensating contrivance. 

180. Schwelsser'a Multiplier. — The flrst of the 
above suggestions was carried out by Schweigger, who 
constructed a muUipUer of many turns of wire. A suit- 
able frame of wood, brass, or ebonite, is prepared to 
receive the wire, which must be " insulated," or covered 
with silk, or cotton, or guttapercha, to prevent the 
separate turns of the coil from coming into contact with 
each other. Within this frame, which may be circular, 
elliptical, or more usually rectangular, as in Fig. 80, the 
needle is suspended, the frame being placed so that the 
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wires lie in the magnetic meridian. The greater the 
number of turns the more 
powerful will be the mag- 
netic deflection produced 
by the passage of equal 
I quantities of current. But 

I if the wire is thin, or the 

number of turns of wire 

thereby offered to the flow 

of electricity may very 

greatly reduce the strength 

oftheeurrent. Thestudent 

*■ will grasp the importance 

of this observation when he has read the chapter on 

Ohm's Law. 

160. Astatic ComlDinatlonB. — The directive force 
exercised by the earth's magnetism on a magnetic needle 
may be reduced or obviated by one of two methods : — 

(a.) ^ytio'ployi'ng 3. compensatiHg magnet. An ordinary 
long bar magnet laid in the magnetic meridian, but with 
its N.-seeking pole directed towards the north, will, if 
placed hori7ontally above or below a suspended magnetic 
needle, tend to make the needle set itself with its S. -seek- 
ing pole northwards. If near the needle it may over- 
power the directive force of the earth, and cause the 
needle to reverse its usual position. If it is far away, all 
it can do is to lessen the directive force of the earth. 
At a certain distance the magnet will just compensate 
this force, and the needle will be neutral. This arrange- 
ment for reducing the earth's directive force is applied 
in the reflecting galvanometer shown in Fig. 91, in 
which the magnet at the top, curved in form and capable 
of adjustment to any height, affords a means of adjust- 
ing the instrument to the desired degree of sensitiveness 
by raising or lowering it. 

(i.) By using an astatic pair of magnetic needles. 
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If two magnetised needles of equal strength and size are 
bound together by a hght wire of brass, or aluminium, 
in reversed positions, as 
shown in Fig. 8i, the force 
urging one to set itself in 
the magnetic meridian is 
exactly counterbalanced by 
the force that acts on the ■ 
other. Consequently this 
pair of needles will remain 
in any position in which it is 
set, and is independent of the 
earth's magnetism. Such a. 
combination is known as an 

astatic pair. It is, however, difficult in practice to 
obtain a perfectly astatic pair, since it is not easy to 
magnetise two needles exactly to equal strength, nor is 
it easy to fix them perfectly parallel to one another. 
Such an astatic pair is, however, 
readily deflected by a current flowing 
~n a wire coiled around one of the 
leedles; for, as shown in Fig. 82, 
.he current which flows above one 
needle and below the other will uige 
both in the same direction, because 
they are already in reversed positions. 
It is even possible to go farther, and 
to carry the wire round both needles, 
winding the coit around the upper in 
llie opposite sense to that in which the coil is wound 
round the lower needle. 

Nobili applied the astatic arrangement of needles to 
the multiplying coils of Schweigger, and thus constructed 
a very sensitive instrument, the Asiatic Galvanometer, 
Shown in Fig. 88. The special forms of galvanometer 
adapted for the measurement of currents are described 
in the next Lesson. 
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191. Ma^cnetio field due to Ouirent. — Arago 
found that if a current be passed through a piece of copper 
wire it becomes capable of attracting iron tilings to it 
so long as the current flows. These filings set them- 
selves at right angles to the wire, and cling around it, 
but drop off when the circuit is broken. There is, then, 
a magnetic " field," around the wire which carries the 
current ; and it is important to know how the lines of 
force are distributed in this field. 

Let the central spot in Fig. 83 represent an imaginary 
cross-section of the wire, and let us suppose the current 
to be flowing in through the paper at that point. Then 
by Ampfcre's rule a magnet needle placed below will lend 
to set itself in the position shown, with its N, pole 
pointing to the left.^ The current will urge a needle 
above the wire into the reverse positioa A needle on 
the right of the current will set itself at right angles to 
the current {i.e. in the plane of the paper), and with its 
N. pole pointing dawn, 
g^ N( — 8 ^y,g (jjg jj pgjg of a 

^^ / ^ needle on the left would 

\ m / *■ «i* l^^ "TK^d «P- 1" ''^ct the 

'^ / N^ ^ tendency would be to urge 

the N. pole round the 
Fig. 83- Fig- «<■ J _ ■ .u 

conductor in the same 

way as the hands of a watch move ; while the 5. pole 
would be urged in the opposite cyclic direction to that of 
the hands of a watch. If the current is reversed, and is 
regarded as flowing towards the reader, i,e. coming up 
out of the plane of the paper, as in the diagram of Fig. 
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84, then the motions would be just in the reverse sense. 
It would seem from this as if a N. -seeking pole of a 
magnet ought to revolve continuously round and round a 
current ; but as we cannot obtain a magnet with one 
pole only, and as the S, -seeking pole is urged in an 
opposite direction, all that occurs is that the needle sets 
itself as a tangent to a circular curve surrounding the 
conductor. This is what Oerstedt meant when he 
described the electric current as acting " in a revolving 
manner," upon the magnetic needle. The field of force 
with its circular lines surrounding 
a current flowing in a straight 
conductor, can be examined ex- 
perimentally with iron filings in 
the following way : A card is 
placed horizontally and i 
copper wire is passed vertically ' 
through a hole in it (Fig, 85). 
Iron filings are sifted over the 
card (as described in Art. 108), . 

and a strong current from three 

or four large cells is passed through the wire. On 
lapping the card gently the filings near the wire set 
themselves in concentric circles round it. 

iga Equivalent Magnetlo SheU : Ampere's 
Theorem.-— For many purposes the following way of 
regarding the magnetic action of electric currents is 
more convenient than the preceding. Suppose we take 
a battery and connect its terminals by a circuit of wire, 
and that a portion of the circuit be twisted, as 11 
into a looped curve, it will be found that t 
space enclosed by the loop possesses magnetic f 
In our figure the current is supposed to be flow 
the loop, as viewed from above, in the same dii 
the hands of a clock move round ; an imagii 
swimming round the circuit and always facing 
the centre would have his left side down. By 

C.l,l,;iL 
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rule, then, a N. pole would be ur^ed downwards through 
the loop, while a S. pole would be u:ged upwards. In 
fiict the space enclosed by the loop of the circuit behaves 




like a magnetic shell (see Art. 107), having its upper face 
of S.-seeking magnetism, and its lower face of N. -seeking 
magnetism. It can be shown in every case that a closed 
voltaic circuit is equivalent to a magnetic shell whose 
edges coincide in position viiih the circuit, the shell being 
of such a strength that the number of its lines of force is 
the same as that of the lines of force due to the current 
in the circuit. The circuit acts on a magnet attracting 
or repelling it, and being attracted or repelled by it, just 
exactly as its equivalent magnetic shell would do. Also, 
the circuit itself, when placed in a magnetic field, experi- 
ences the same force as its equivalent magnetic shell 
would do. 

193. Maxwell's Bula — Professor Clerk Maxwell, 
who developed this method of treating the subject, has 
given the following elegant rule for determining the 
mutual action of a circuit and a magnet placed near it. 
Every portion of the circuit is acted upon by a force 
urging it in such a direction as to make it enclose 
within its embrace the greatest possible number of lines of 
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force. If the circuit is fixed and the magnet movable, 
then the force acting on the magnet will also be such as to 
tend to make the number of lines of force that pass 
through the circuit a maximum (see also Art. 317). 

1©4. De la Rive's Floatlngr Batterer. — The pre- 
ceding remarks may be illustrated experimentally by 
the aid of a little floating battery. A plate of zinc and one 
of copper (see Fig. 87) are fixed side by side in a large 



Fig. 87. 

cork, and connectedaboveby a coil of covered copper wire 
beDt into a ring. This is floated upon a dish containing 
dilute sulphuric acid. If one pole of a bar magnet be 
held towards the ring it will be attracted or repelled 
according to the pole employed. The floating circuit 
will behave like the floating magnet in Fig. 44, except 
that here we have what is equivalent to a floating 
magnetic shell. If the S. pole of the magnet be pre- 
sented to that lace of the ring which acts as a S.-seeking 
pole (viz. that face round which the current is flowing 
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in a. clockwise direction), it will repel it. If the pole be 
tlinist right into the ring, and then held still, the battery 
will be strongly repelled, will draw itself off, float away, 
turn round so as to present toward the S. pole of the 
magnet its N. -seeking face, will then be attraaed up, 
and will thread itself on to the magnet up to the middle, 
in which position as many magnetic lines of force as 
possible cross the area of the ring. 

It can be shown also that two circuits traversed by 
currents attract and repel one another just as two 
m^netic shells would do. 

It will be explained in Lesson XXVI, on Electro- 
m^nets how a piece of iron or steel can be magnetised 
by causing a current to flow in a spiral wire round it, 

105. Strength of the Current in Magnetia 
Measure. — When a current thus acts on a magnet pole 
near it, the force /which it exerts will be proportional 
to the strength i of the current, and proportional also 
to the strength m of the magnet pole, and to the length 
/ of the wire employed : it will also vary inversely as 
the square of the distance r from the circuit lo the 
magnet pole. Or, /= '-^ dynes. Suppose the wire 
looped up into a circle round the magnet pole, then 
l=iTr, and /=?!.' m dynes. Suppose also that the 
drcle is of one centimetre radius, and that the magnet 
pole is of strength of one unit (see Art. 125), then the 
force exerted by the current of strength i will be ?I? jc 1, 
or itri dynes. In order, therefore, that a current o( 
strength i should exert a force of i dynes on the unit pole, 
one must consider the current as travelling round only — 
part of the circle, or round a portion of the circum- 
ference equal in length to the radius. 

109. Unit of Current Strensth. — A current is 
s^d to have a strength of one " absolute " unit when it 
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is such Ihat if one centimeire length of the circuit is bent 
into an arc of one centimeire radius, the current in it 
exerts a force of one dyne on a magnet-pole of unit 
strength placed at the centre of the arc. The practical 
unit of " one amplre " is only i\ of this theoretical unit, 
(See also Art. 323.) 



Lesson XVII. — Galvanometers. 

197. The term Oalvanometer is applied to an 
for measuring the strength of electric 
s by means of the deflection of a magnetic needle, 
round which the current is caused to flow through a coil 
of wire. The simple arrangement described in Art. i88 
was termed a " Galva no scope," or current indicator, but 
it could not rightly be termed a "galvanometer"' or 
curient laeasurer, because its indications were only 
qualitative, not quantitative. The indications of the 
needle did not afford accurate knowledge as to the exact 
strength of current flowing through the instrument. A 
good galvanometer must fulfil the essential condition thai 
its readings shall really measure the strength of the 
current in some certain way. It should also be suffici- 
ently sensitive for the currents (hat are to be measured 
to affect it. The galvanometer adapted for measuring 
very small currents (say a current of only one or two 
millionth parts of an ampire) will not be suitable for 
measuring very strong currents, such as are U5ed in pro- 
ducing an electric light. Moreover, if the current to be 
measured has already passed through a circuit of great 
resistance (as, for example, some miles of lelegra 
wire), a galvanometer whose coil is a short one, cons 

iThelemu " Rhtasn/fi" anA " ^;iA»K(/(r"are»m occaiianally app 
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ing only of a few turns of wire, will be of no use, and a 

long-coil galvanometer must be employed with many 
turns of wire round the needle. The reason of this is 
oxplained hereafter (Art. 353). Hence it will be seen 
that different styles of instrument are needed for different 
kinds of work ; but of all the requisites are that they 
should afford quantitative measurements, and that they 
should be sufficiently sensitive for the current that is to 
be measured. 

198. Nobili's Afitatlo O^vaDometer. ^ The 
instrument constructed by Nobili, consisting of an astatic 
pair of needles delicately hung, so that the lower one lay 
within a coil of wire 
wound upion an ivory 
frame (Fig. 88), was 
for long the favourite 
form of sensitive 
galvanometer. The 
needles of this instru- 
ment, being indepen- 
dent of the earth's 
magnetism, take their 
: position in obedience 
[ to the torsion of the 
J fibre by which they 
' are hung. The frame 
on which the coil is 
wound must be set 
^■^- carefully parallel to 

the needles ; and three screw feet serve to adjust the 
base of the instrument level. Protection against cur- 
rents of air is afforded by a glass shade. When a 
current is sent through the wire coils the needles move 
to right or left over a graduated circle. When the 
deflections are smali {i.e. less than 10° or j 5°), they are 
very nearly proportional to the strength of the currents 
that produce them. Thus, if a current produces a 
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deflection of 6° it is known to be approximately three 
times as strong as a current which only turns the needle 
through 2°. Bui this approximate proportion ceases to 
be true if the deflection is more than 15' or 20°; for 
then the needle is not acted upon so advantageously by 
the current, since the poles are no longer within the coils, 
but are protruding at the side, and, moreover, the needle 
being oblique to the force acting on it, part only of the 
force is turning it against the directive force of the fibre ; 
the other part of the force is uselessly pulling or pushing 
the needle along its length. It is, however, possible to 
"calibrate" the galvanometer, — that is, to ascertain by 
special measurements, or by comparison with a standard 
instrument, to what strengths of current particular 
amounts of deflection correspond. Thus, supptose it once 
known that a deflection of 32° on a particular galvano- 
meter is produced by a current of tH of an ampere, then 
a current of that strength will always produce on that 
instrument the same deflection, unless from any accident 
the torsion force or the intensity of the magnetic field is 

199. The Tangent Oalvaaometer. — It is not— 
for the reasons mentioned above — possible to construct 
a galvanometer in which the angle (as measured in 
degrees of arc) through which the needle is deflected is 
proportional throughout its whole range to the strength 
of the current. But it is possible to construct a very 
simple galvanometer in which the langenl^ of the angle 
of deflection shall be accurately proportional to the 
strength of the current. Fig. 89 shows a frequent form 
of Tangent OtLlvanometer. The coil of this instru- 
ment consists of a simple circle of stout copper wire 
from ten to fifteen inches in diameter. At the centre is 
delicately suspended a magnetised steel needle not 
exceeding one inch in length, and usually furnished with 
a light index of aluminium. The instrument is adjusted 

> Ste noIe on W.T) oT ReckonEnE AnglM, p. im 
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by setting the coil in the magnetic meridian, the small 
needle lying then in the plane of the coil. One essential 
feature of this arrangement is, that while the coil is veiy 
large, the needle is relatively very small. The " field " 



due to a current passing round the circle is very uniform 
at and near the centre, and the lines of force are there 
truly normal to the plane of the coil.^ This is not true 
of other parts of the space inside the ring, the force 
being neither uniform nor normal in direction, except in 
the plane of the coil and at its centre. The needle being 
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smdl its poles are never far from the centre, and hence 
never protrude into the regions where the magnetic force 
is irregular. Whatever magnetic force the current in 
the coil can exert on the needle is exerted normally to 
the plane of the ring, and therefore at right angles to 
the magnetic meridian. Now, it was proved in Art. 124 
that the magnetic force which, acting at right angles to 
the meridian, produces on a magnetic needle the de- 
flection 8 is equal to the horizontal force of the earth's 
magnetism at that place multiplied by the tangent of the 
angle of deflection. Hence a current flowing in the coil 
will turn the needle aside through an angle such that the 
tangent of the angle of deflection is proportional to the 
strength of the current. 

Example,— Suppose a certain battery gave a deflection ol 
15* on a tangent galvanometer, and another battery 
yielding a stronger current gave a deflection of 30°. The 
strengths currents are tat in the proportion of 1 5 : 30, 
but in the proportion of tan 15° to Ian 30". These 
values must be obtained from a Table of natural tangents 
like that given on p. 11 1, from which it will be seen 
that the ratio between the strengths of the currents is 
■268 ; '577, or about lo : 22. 

Or, more generally, if current C produces deflection i, and 
current C deflection V, then 

C :C'=tfln S:tany 

To obviate reference to a table of figures, the circular 
scale of the instrument is sometimes graduated into 
tangent values instead of being divided into equal 
degrees of arc. Let a tangent O T be drawn to the 

circle, as in Fig. 90, and along this tine let any ' — 

of equal divisions be set off, beginning at O. 
these points draw back to the centre. The ch 
thus be divided into a number of pieces, of whic 
near O are nearly equal, but which get smal 
smaller away from O. These unequal pieces cor 
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to equal increments of the tangent. If the scale were 
divided thus, the readings would be proportional to 
the tangents. It is, however, harder to divide an arc 
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into tangent-lines with accuracy than to divide it into 
equal degrees ; hence this graduation, though convenient, 
is not used where great accuracy is needed. 

200. AbBoIats Meturore of Current hj Tangent Oal- 
vanometer.^The atrength of i cuirent may be deteimined in 
" absolute " units by the aid of the tangent galvanometer if the 
" constants " of the instniment are known. The tangent of the ■ 
angle of dcfleclion represents {ne Act. 124] the ratio between 
the magnetic force due to the current and the horizontal com- 
ponent of the earth's magnetic force. Both these forces act on 
the needle, and depend equally upon the magnetic moment of Che 
needle, which, therefore, we need not know for thb purpose. 
We know that the force exerted by the current at centre of the 
coil is proportioDal to the horizontal force of the earth's mag 
nelism multiplied by the tai^ient of the angle of deflection. 
These two quantities can be found Irom the tables, and from 
them we calculate the absolute value of the current, as fallows ; — 
Let r reprasent the radius of the galvanometer coil (measured in 
centimeUes) ; its total length (if of one turn only} is arr. The 
distance from the centre to all parts of the coil is of course r. 
From OUT definition of the unit of strength of current (Art. 196), 
it follows that »' x -j- = force (in dynes) at centre, 
or .■ X *- = H'UnS; 
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The quanlity — is called the " constant " of the galvanometer. 
Hence we oblain the value of the current in absolute (electro- 
magnetic) units ' by multiplying together the galvanometer con- 
stant, the horiiontal magnetic force at the place, and the tangent 
of the angle of deflecLion. Tangent galvanometers are often 
made with more than one turn of wire. In this case the " con- 
n the coil. 



cEdIc Ihc slrenglb of llw cumnt in aiHptns |Art. 
:, tttucb are portable, and *'d«ad-tfeal in action, 
.n the poles of a powerfiil pcmuiDeiit Dusnet to 

ie-piecei, needle, and coil^ the an^lar dcfleciiont 

' grouped either "in series" or "in panliel" at 

Tell, Tli™"«.««m^made^S 

■istance, in a simiLu way. 

301. Bine Galvanometer.— The disadvantage of 
the tangent galvanometer just described is that it is not 
very sensitive, because the coil is necessarily very large 
as compared with the needle, and therefore far away 
from it. A galvanometer with a smaller coil or a larger 
needle could not be used as a tangent galvanometer, 
though it would be more sensitive. Any sensitive 
galvanometer Id which the needle is directed by the 
earth's magnetism can, however, be used as a Sine 
Galvanometer, provided the frame on which the coils 
are wound is capable of being turned round a central 
axis. When the instrument is so constructed, the 
following method of measuring currents is adopted. 
The coils are lirst set parallel to the needle {i.e. in the 
magnetic meridian) ; the current is then sent thri 
it, producing a deflection ; the coil itself is rotated ri 
in the same sense, and, if turned round through a ■ 

■ The Sndciit will learn (Art. n 



cGoogk 
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enough angle, trill overtake the needle, which will once 
more lie parallel to the coil. In this position two forces 
are acting on the needle : the directive force of ihe 
earth's magnetism acting along the magnetic meridian, 
and the force due to the current passing in the coil, 
which tends to thrust the poles of the needle out at 
right angles ; in fact there is a " couple " which exactly 
balances the " couple " due to terrestrial magnetism. 
Now it was shown in the Lesson on the Laws of Mag- 
netic Force (Art, 123), that when a needle is deflected 
the "moment" of the couple is proportional to the sine 
of the angle of deflectioa Hence in the sine galvano- 
meter, when the coil has been turned round so that the 
needle once more lies along it, ihe strength 0/ the current 
in the coil is prsportional to the sine of the angle through 
which the coil has been turned. ' 

302. The Mirror GaJvanometer. — When a gal- 
vanometer of great delicacy is needed, the moving parts 
must be made very light and small. To watch the 
movements of a very small needle an index ai some 
kind must be used ; indeed, in the tangent galvanometer 
it is usual to fasten to the short stout needle a delicate 
stiff pointer of aluminium. A far better method is to 
fasten to the needle a very light mirror of silvered glass, 
by means of which a beam of light can be retlected on 
ID a scale, so that every slightest motion of the needle 
is magnified and made apparent. The mirror galvano- 
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meUrs devised by Sir. W. Thomson for signalling through 
submarine cables, are admirable examples of this class 
of instrument. In Fig. 91 the general arrangements of 
this instrument are shown. The body of the galvano- 
meter is supported on three screw feet by which it can 
be adjusted. The magnet consists of one or more 
small pieces of steel watch-spring attached to the back 



Fig. 9. 

of a light concave silvered glass mirror about as large 
as a threepenny piece. This mirror is hung by a single 
fibre of cocoon silk within the coil, and a curved magnet, 
which serves to counteract the magnetism of the earth, 
or to direct the needle, is carried upon a vertical support 
above. Opposite the galvanometer is placed the scale. 
A beam of light from a paraffin lamp passes through 
a narrow aperture under the scale and falls on the 
mirror, which reflects it back on to the scale. The 
mirror is slightly concave, and gives a well defined spot 
of light if the scale is adjusted to suit the focus of the 
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mirror.' The adjusting magnel enables the operatar to 
bring the reflected spot of light to the zero point at the 
middle of the scale. The feeblest current passing through 
the galvanometer will cause the spot of light to shift to 
right or left The tiny current generated by dipping 
Into a drop of salt water the tip of a bra.ss pin and a 
Steel needle (connected by wires to the terminals of the 
galvanometer) will send the spot of light swinging right 
across the scale. If a powerful lime-light is used, the 
movement of the needle can be shown to a thousand 
persons at once. For still more delicate work an astatic 
pair of needles can be used, each being surrounded by 
its coil, and having the mirror rigidly attached to one of 
the needles. 

Strong currents must not be passed through very 
sensitive galvanometers, for, even if they are not spoiled, 
the deflections of the needle will be too large to give 
accurate measurements. In such cases the ga!van. 
ometer is used with a shunt, or coil of wire arranged so 
that the greater part of the current shall flow through it, 
and pass the galvanometer by, only a small portion of the 
current actually traversing the coils of the instrument. 
The resistance of the shunt must bear a known ratio to 
the resistance of the instrument, according to the prin- 
ciple laid down in Art. 353 about branched circuits. 

203. Differential GhUvanometer, — For the pur- 
pose of comparing two currents a galvanometer is 
sometimes employed, in which the coil consists of two 
separate wires wound side by side. If two equal currents 
are sent in opposite directions through these wires, the 
needle will not move. If the currents are, however, 
unequal, then the needle will be moved by the stronger 

luiiable fciciu mxj be subsliiuCcd. Tbe lUn disci of glau used in 
mauiting objects for ihe niicrascope fata, when lUvered, eicellenl Ligbl 
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of them, with an intensity corresponding to the differenet 
of the strengths of the two currents 

204. BaJlistic Qalvanometer. — Tnoidertomeasure 
the strength of currents which last only a very short time, 
galvanometers are employed in which the needle takes 
a relatively long time to swing. This is the case with 
long or heavy needles ; or the needles may be weighted 
by enclosing them in leaden cases. As the needle swings 
slowly round, it adds up, as it were, the varying impulses 
received during the passage of a transient current, 
Tht iine of ka}f the angle of the first swing 13 proportioned 
to the quantity of electricity that has flowed through the 
coil. The charge of a condenser may thus be measured 
by dischat^ng it through a ballistic galvanometer. 

Lesson XVIIL — Chemical Actions of the Current: — 
Voltameters. 

905. In addition to the chemical actions inside the 
cells of the battery, which always accompany the produc- 
tion of a current, there are also chemical actions produced 
outside the battery when the current is caused to pass 
through certain liquids. Liquids may be divided into 
three classes — (1) those which do not conduct at all, such 
as turpentine and many oils, particularly petroleum ; (2) 
those which conduct without decomposition^ viz. mercury 
and other molten metals, which conduct just as solid 
metals do ; (3) those ivhich are decomposed when they 
conduct a current, viz. the dilute acids, solutions ot 
metallic salts, and certain fused solid compounds. 

206. Deoompoedtioii of 'Wa.ter.^ln the year 1 800 
Carlisle and Nicholson discovered that the voltaic current 
could be passed through water, and that in passing through 
it decomposed a portion of the liquid into its constituent 
gases. These gases appeared in bubbles on the ends of 
the wires which led the current into and out of the 
liquid ; bubbles of oxygen gas appearing at the point 
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where the current entered the liquid, and hydrogen 
bubbles where it left the liquid. It was soon found that 
a great many other liquids, particularly dilute acids and 
solutions of metallic salts, could be similarly decomposed 
by passing a current through them. 

307. EleotrolyaiB. — To this process of decomposing 
a liquid by means of an electric current Faraday gave 
the name of eleotrolyals {i.e. electric analysis); and 
those substances which are capable of being thus decom- 
posed or " electrolysed " he termed electrolytes. 

The ends of the wires leading from and to the battery 
are called eleotrodea ; and to distinguish them, that by 
which the current enters is called the anode, that by 
which it leaves the kathoda The vessel in which a 
liquid is placed for electrolysis 'v&Ws\x«AaxLelectrolyiic cell, 

308. BleotrolTsla of Water. — Returning to the 
decomposition of water, we may remark that perfectly 
pure water appears not to conduct, but its resistance is 
greatly reduced by the addition of a few drops of sul- 
phuric or of hydrochloric acid. The apparatus shown in 
Fig. 92 is suitable for this purpose. Here a battery o( 
two cells (those shown are circular Bunsen's batteries) 
is seen with its poles connected to two strips of metallic 
platinum as electrodes, which project up into a vessel con- 
taining the acidulated water. Two lubes closed at one 
end, which have been previously tilled with water and 
inverted, receive the gases evolved at the electrodes. 
Platinum is preferred to other metals such as copper or 
iron for electrodes, since it is less oxidisable and resists 
every acid. It is found that there is almost exactly 
twice as much hydrogen gas (by volume) evolved at the 
kathode as there is of ox^en at the anode. This &ct 
corresponds with the known chemical composition of 
water, which is produced by combining together these 
two gases in the proportion ot two volumes of the 
former to one of the latter. The proportions of gases 
evolved, however, are not exactly two to one, for at first s 
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very small quantity of the hydrogen is absorbed oi 
" occluded " by the platinum suriace, while a more con- 
sidcrable proportion of the oxygen — about i per cent — 



is given off ia the denser allotropic form of ozone, which 
occupies less space and is also slightly soluble in the 
water. When a sufficient amount of the gases has been 
evolved and collected they may be tested ; the hydrogen 
by showing that it will bum, the oxygen by its causing 
a glowing spark on the end of a splinter of wood to burst 
into flame. If the two gases are collected together in a 
common receiver, the mixed gas will be found to possess 
the well known explosive property of mixed hydrc^en 
and oxygen gases. The chemical decomposition is ex- 
pressed in the following equation ; 
H,0 = H, + O 

Walcc yiiltls g vols, of Hydrogen and i vol. of Oxygen. 

20Q. EleotroIyaiB of Sulphate of Copper. — We 

will take as another case the electrolysis of a solution of 
the well-known " blue vitriol " or sulphate of copper. If 
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a few crystals of this substance are dissolved in watn 
a blue liquid is obtained, which is easily electrolysed 
between two electrodes of platinum foil, by the current 
from a single cell of any ordinary battery. The chemical 
formula for sulphate of copper is CuSOj. The result of 
the electrolysis is to split it up into metallic copper, 
which is deposited in a film upon the kathode, and 
" Sulphion " an easily decomposed compound of sulpher 
and oxygen, which is immediately acted upon by the 
ivater forming sulphuric acid and oxygen. This oxygen 
is liberated in bubbles at the anode. The chemical 
changes are thus expressed : 

CuSO, = Cu + SO. 

SulphaH of Copper becames Copper ud Sulphion ; 

SO. + H,0 = H.SO, + O 

Sui^iioB uhl vtkicr produce Sulphuric acid and OJtycen. 

In this way, as the current continues to flow, coppter h 
continually withdrawn from the liquid and deposited on 
the kathode, and the liquid gets more and more acid. II 
copper electrodes are used, instead of platinum, no oxygen 
is given ofT at the anode, but the copper anode itself dis- 
solves away into the liquid at exactly the same rate as 
the copper of the liquid is deposited on the kathode. 

210. AnloDB and EathionB. — The atoms which 
thus are severed from one another and carried invisibly 
by the current to the electrodes, and there deposited, 
are obviously of two classes : one set go to the anode, 
the other to the kathode. Faraday gave the name of 
toUB to these wandering atoms ; those going to the 
anode being aniona, and those going to the kathode 
being faathiona. Anions are sometimes regarded as 
" electro-negative " because they move as if attracted 
toward the + pole of the battery, while the kathions 
are regarded as "electro-positive." Hydrogen and the 
ns, moving apparently vt'/A the direction 
and are deposited where 
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the current leaves the electrolytic cell. The anions are 
oxygen, chlorine, etc. When, for example, chloride ol 
tin is electrolysed, metallic tin is deposited on the kath- 
ode, and chlorine gas is evolved at the anode. 

21L Quantitative Laws of EleotrolyBia. 

(i.) The amount of chemical action is equal at allpmnti 
ef a circuit. If two or more electrolytic cells are placed 
at difTerent points of a circuit the amount of chemical 
action will be the same in all, for the same quantity of 
electricity flaws past every point of the circuit in the 
same time. If all these cells contain acidulated water, 
the quantity, for example, of hydrogen set free in each 
will be the same ; or, if they contain a solution of 
sulphate of copper, identical quantities of copper will be 
deposited in each. If some of the cells contain acidu- 
lated water, and others contain sulphate of copper, the 
weights of hydrogen and of copper will not be equals 
but will be in chemically eguivalejit quantities. 

(ii.) The amount of an ion liberated at an electrode 
in a given time is proportional to the strength of the 
current. A current of 2 amplres will cause just twice 
the quajitity of chemical decomposition to take place as 
a current of 1 ampire would do in the same time, 

(iii.) The amount of an ion liberated at an electrode 
in one second is equal to the strength of the current 
multiplied by the " electro -chemical equivaleTit" of the 
ion. It has been found by experiment that the passage 
of one coulomb of electricity through water liberates 
000010353 gramme^ of hydrogen. Hence, a 
'.he strength of which is C {amperes) will liber; 
'000010352 grammes of hydrogen per seconi 
quantity -000010352 is called the electro-chemica. 
lent of hydrogen. The " electro-chemical equi' 
of other elements can be easily calculated 
chemical " equivalent " is known. Thus the i 

1 Lard Riylelgh ayi -ossaiojs' ; Mucin, 'aiiesia4i) -, f. an 
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"equivalent"' of copper is 31*5; multiplying tbis by 
•000010352 we get as the electro-chemical equivalent of 
copper the value 0003261 (gramme). 



212. Table of Electrckihehicai. Equivalents, etcl 











ElKlTfrchemkd 




Atomic 


Vil- 




Equi'.^nt 




w^Leht. 


«cy 


Equivalent 


„s=. 












Hydrogen . . . 






1 


'000010351 


Potassium 




39*1 




391 


■0004047 


Sodium 




ay 




*3' 


■0002381 


Gold . 




.96^ 
toS- 




6S-S 

loS- 


■0006 7 So 
001 n So 


Silver . 






Copper (Cupric) . . 


63- 




3'-S 


-0003261 


„ (Cuprose) . 


63; 




63- 


■0006522 


Mercury (Mercuric) . 








■ooiojsi 


(Mercurose) 










Tin (Stannic) . . . 


iiS- 




295 


■0003054 


„ (Stannose) . . 


118' 




59' 


■0006103 


Iron (Ferric) . . . 


56- 




186 


0-0001932 


„ (Ferrose) . . 


%(>■ 




28- 


;ooo2B98 


Nickel 


207- 




29 s 
32-5 
103-5 










Le«d 




•0010684 








Oxygen . . . , 


i5- 




8- 


•0000818 


Chlorine .... 


3S-S 




3S-S 


■0003675 


Iodine 


(27- 
Bo- 












8o- 


•00082S2 


Nitrogen . . . . 


14' 




4-3 


•00O044S 


> Th h ■ J "W i^i" 


l"maat^ 




»of<Hmdid~ 


hh iba "aiHit 


tmieki:- Th. Momic weigh 








iuaXHiuarefij 


■■■n« u h«vy a< atoms of 


hydrogen^ 




H. d.e.niQ.1 




M™otC0pi«.repl>«^«« 




/Du a 


omsofhyd 






.ofhi^ 




> V - 3"i- 


In all cu« Ihc 




, . 




«™i 


w«Bl«. 


rh> .!»» T.U- 



C.l,l,;iL 



CHAP, ill.l ELECTRICITY AND MAGNETISM. i» 

213. The following equation embodies the rule for 

lindmg the weight of any given ion disengaged from an 
electrolytic solution during a known time by a current 
whose strength is known. Let C be the strength of the 
current (reckoned in ampires), t the time (in seconds), 
* the electro-chemical equivalent, and w the weight (in 
grammes) of the element liberated ; then 

w = zZt, 

or, in words, the weight (in grammes) of (M 
deposited by electrolysis is found by wtuMp 
eleclra-ckemical equivalent by thi strength of th 
(reckoned in amfiires), and by the time (in ; 
i&tring "which the current continues to flow. 

Example. — A current from five Daniell's cells i 
through two electrolytic cells, one containing 
of silver, the other acidulated water, for ten 
- A tangent g^vanomeler in the circuit sli 
strength of the current to be ■$ ampira. 1 
of diver deposited will be -ooi i i8o x -5 x 
= '3354 gramme. The weight of hydrt^e 
in the second cell will be -000010353 x -5 : 
= 'O031056 gramme. 

214. ToltameteTB. — The second of the ab 
that the amount of an ion liberated in a givei 
proportional to the strength of the current, is s< 
known as Faraday's Law, from its discoverer. 
pointed out that it affords a chemical means oi 
ing the strength of currents. He gave the 
voltameter to an electrolytic cell arranged 
purpose of measuring the strength of the cu 
the amount of chemical action it effects. 

216. Water- Voltameter. — The apparatu 
in Fig. g2 might be appropriately termed i 
Voltameter, provided the tubes to collect tl 
be graduated, so as to measure the quandtiea 
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The weight of each measured cubic centimetre of hydrO' 
gen (at the standard temperature of o" C, and pressure 
of 760 millims.) is known to be -0000896 grammes. 
Heace, if the number of cubic centimetres liberated 
during a given lime by a current of unknown strength 
be ascertained, the strength of the current can be calcu- 
lated by first reducing the volume to weight, and then 
dividing by the electro-chemical equivalent, and by the 
time. Each coulomb of electricity liberates in its flow 
■1157 cubic centimetres of hydrogen, and '0579 c. c. 
of oxygen. If these gases are collected together in a 
mixed-gas vollameUr there will be '1736 c. c of the 
mixed gases evolved for every coulomb of electricity 
which passes. To decompose 9 grammes of water, 
liberating I gramme of H and B grammes of 0, requires 
96,600 coulombs. 

216. Capp«T and Silver Voltameters. — As mentioned 
above, if sulphate of copper is electrolysed between two elec- 
trodes of copper, the anode is slowly dissolved, and the kathode 
receives an equal quantity of copper as a deposit on its surface. 
One eoulamb of electricity will cause '0003261 gramme to \x 
deposited ; and to deposit one gramme weight requires a total 
quantity of 3066 coulombs to flow through the electrodes. A 
current of one am/^f deposits in one hour 1*174 grammes of 
copper, or 4-035 grammes of silver. 

By weighing one of the decuodei beTort and after the pusage of a current 
the ffuD (or liHS) will be proportional ro the quantity of electricity that hai 
pafHiL In f679 Ediwn, the intenlot, proposed to apply this method for 
measuring the quantity of electricity supplied to houses for electric lights in 
■hem ; a small copper Voltameter heing placed bi ■ branch of the circuit 
irtuch nipplied the house, to serve u a meter. Various other kindi of 
Cei4Jembmitm have been proposed, having clocloork coimlen, roUing 
btegrating discs, and other Dtechauical devices to add up the total qiuDlitj 
at electiiclly conveyed by the CDirent 

317. Oomparison of Voltameters with (Jal- 
Tanometers. — It will be seen that both Galvanometers 
and Voltameters are intended to measure the strength of 
currents, one by magnetic, the other by chemical means. 
Faraday demonstrated that the magnetic and the chemical 
actions of a current are proportional to one another. 
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The galvanometer shows, however, the strength of the 
current at any moment, and its variations in strength 
from one moment to another, by the position of the 
needle. In the Vohameter, a varying current may 
liberate the bubbles of gas or the atoms of copper rapidly 
at one moment, and slowly the next, but all the varying 
quantities will be simply added together tn the total 
yield. In &cl, the voltameter gives us the "time 
integral " of the current. It tells us what quantity of 
electricity has flowed through it during the experiment, 
rather than how strong the current was at any one 



318. Chemical Test for VTeak Otirrents. — A 
very feeble current suffices to produce a perceptible 
amount of change in certain chemical substances. If 
a few crystals of the white salt iodide of Potassium are 
dissolved in water, and then a little starch paste is added, 
a very sensitive electrolyte is obtained, which turns Co 
an indigo blue colour at the anode when a very weak 
current passes through it. The decomposition of the 
salt liberates iodine at the anode, which, acting on the 
starch, forms a coloured compound. White blotting- 
paper, dipped into the prepared liquid, and then laid on 
the kathode and touched by the anode, affords 
venient way of examining the discoloration di 
Cturent. A solution of Ferrocyanidc of PotassiuiT 
similarly on electrolysis the well-known tint of I 
Blue. Bain proposed to utilise this in a C 
Writing Telegraph, the short and long currenti 
micted along the line from a battery being thus r 
in blue marks on a strip of prepared paper, draw 
by clockwork under the terminal of the positi^ 
Faraday showed that chemical discoloration ol 
moistened with starch and iodide of potassium » 
duced by the passage of all dilTerent kinds of elect 
frictional, voltaic, thermo-electric, and magneto-' 
— even by that evolved by the Torpedo a 
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Gymnatus. In &a, he relied on this chemical test as 
one proof of the identity of the ditTerent kinds. 

219. Internal and External Aotion& — In an 
earlier Lesson ii was shown that the quantity of chemical 
action inside the cells of the battery was proportional to 
the strength of the current. Hence, Law (i.) of Art. 211, 
applies both to the portion of the circuit within the 
-battery and to that without it. 

Suppose 3 Daniell's cells are being employed to decompoie 
water in a voltameter. Then while I gntmrne weight (ir,300 
cub. centim9.) of hydrogen and S grammes (5,600 c c) of 
oi^^ are set free in (he voltameter, 3i's grammes of copper 
will be deposited in each cell of the battery, and (n^lecting loss 
by local action), 31-5 grammes of line will be dissolved in each 
ceU. 

220, It will therefore be evident that the electrolytic 
cell is the converse of the voltaic cell. The chemical work 



done in the voltaic cell furnishes the energy of the current 
which that cell sets up in the circuit. In the electrolytic 
cell chemical work is performed, the necessary energy 
being furnished by the current of electricity which is 
sent into the cell from an independent battery or other 

A theory of electrolysis, and some examples of its 
application, are given in Chapter XXXVIII. on Electro- 
chemistry. 



Lesson XIX. — Physical and Physiological Effects of 
the Current. 

321. Molecular ActlonB.— Metal conductors, when 
subjected to the prolonged aaion of currents, undergo 
slow molecular changes. Wires of copfier and brass 
gradually become brittle under its influence. During 
the passage of the current through metallic wires their 
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cohesion is temporarily lessened, and there also appears 
to be a decrease in their coefficient of elasticity. It was 
thought by Edlund that a definite elongation could be 
observed in strained wires when a current was passed 
through them ; but it has not yei been satisfactorily 
shown that this elongation is independent of the elonga- 
tion due to the heating of the wire owing to the resistance 
it opposes to the current. 

222. Blectrlo Oeinosa — Forret observed that if a 
strong current is led into certain liquids, as if to electro- 
lyse them, a porous partition being placed between the 
electrodes, the current mechanically carries ^art of the 
liquid through the porous diaphragm, so that the liquid 
is forced up to a higher level on one side than on the 
other. This phenomenon, known as electric osmose, is 
most manifest when badly conducting liquids, such as 
alcohol and bisulphide of carbon, are used. The transfer 
through the diaphragm takes place in the direction of 
the current ; that is to say, the liquid is higher about 
the kathode than round the anode. 

333. Elect^rio Distillation. — Closely connected 
with the preceding phenomenon is that of the electric 
distillation of liquids. It was noticed by Beccaria that 
an electrified liquid evaporated more rapidly than one 
not electrified. Gemez has recently shown that in a 
bent closed tube, containing two portions of liquid, one 
of which is made highly + and the other highly - , the 
liquid passes over from + to - . This apparent distilla- 
tion is not due to difference of temperature, nor does it 
depend on the extent of surface exposed, but is effected 

by a slow creeping of the liquid along the interii ' — 

of the glass tubes. Bad conductors, such as ti: 
do not thus pass over. 

224. Biaphrasm OurreDts. — Professor 
discovered that a current is set up in a liquid w 
forced by pressure through a porous diaphragi 
phenomenon may be regarded as the converse < 
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osmose. The E.M.F. of the current varies with the 
pressure and with the nature of the diaphragm. When 
water was forced at a pressure of one atmosphere 
through sulphur, the difference of potential was over 9 
volts. With diaphragms of porcelain and bladder the 
differences were only -35 and 'Oi volts respectively. 

326, Bleotro-OapiUary Phenomena. — If a hori- 
iontal glass tube, turned up at the ends, be filled with 
dilute acid, and a single drop of merciuy be placed at 
about the middle of the tube, the passage of a current 
through the tube will cause the drop to move along 
towards the negative pole. It is believed that the 
liberation of very small quantities of gas by electrolysis at 
the surface where the mercury and acid meet alters the 
surface-tension very considerably, and thus a movement 
results from the capillary forces. Lippmann, Dewar, 
and others, have constructed upon this principle capillarj 
electrometers, in which the pressure of a column of liquid 
is made to balance the electro-capillary force exerted at 
the surface of contact of mercury and dilute acid, the 
electro-capillary force being nearly proportional to the 
electromotive-force when this does not exceed one volt. 
F'g- 93 shows the capillary electrometer of Dewar. 
A glass tube rests horizontally between two glass dishes 
in which holes have been bored to receive the ends of 




the tube. It is filled with mercury, and a single drop 
of dilute acid is placed in the tube. Platinum wires to 
serve as electrodes dip into the mercury in the dishes. 
An E.M.F. of only ]}i volt suffices to produc 
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a.ble displacement of the drop. The direction of the 
displacement varies with that of the current. 

226. Physiological Actions. — Curreats of elec- 
tricity passed through the limbs aRect the nerves with 
certain painful sensations, and cause the muscles to 
undergo involuntary contractions. The sudden rush of 
even a small charge of electricity from a Leyden jar 
chained to a high potential, or from an induction coil 
(see Fig. 148), gives a sharp and painful skcck to the 
system. The current from a few strong Grove's cells, 
conveyed through the body by grasping the terminals 
with moistened hands, gives a very different kind of 
sensation, not at all agreeable, of a prickling in the joints 
of the arms and shoulders, but not producing any 
spasmodic contractions, except it be in nervous or 
weakly persons, at the sudden making or breaking of 
the circuit. The difTerence between the two cases lies 
in the fact that the tissues of the body ofTer a very con- 
siderable resistance, and that the difference of pKilential 
in (he former case may be many thousands of volts ; 
hence, though the actual quantity stored up in the 
Leyden jar is very small, its very high E.M.F. enables 
it at once to overcome the resistance. The battery, 
although it might, when working through a good con- 
ductor, atTord in one second a thousand times as much 
electricity, cannot, when working through the high re- 
sistance of the body, transmit more than a small traction, 
owing lo its limited E.M.F. 

After the discovery of the shack of the Leyden jar by 
Cunicus in 174$ many experiments were tried. Louis 
XV. of France caused an electric shock from a battery of 
Leyden jars lo be administered to 700 Carthusian monks 
joined hand in hand, with prodigious effect. Franklin 
killed a turkey by a shock from a Leyden jar. 

227. In 1752 Sulzer remarked that " if you join two 
pieces of lead and silver, and then lay them upon the 
tongue, you will notice a certain taste resembling that of 
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green vitriol, while each piece apart produces do such 
sensation." This galvanlo taste, not then suspected 
to have any connection with electricity, may be ex- 
perienced by placing a silver coin on the tongue and a 
steel pen under it, the edges of them being then brought 
into metallic contact. The same taste is noticed if the 
two wires from the poles of a voltaic cell are placed in 
contact with the tongue, 

228. Ritter discovered that a feeble current trans- 
mitted through the eyeball produces the sensation as of 
a hnght_fias^ of light by its sudden stimulation of the 
opiic nerve. A stronger current transmitted by means 
of moistened conductors attached to the battery terminals 
gave a sensation of blue and gieen colours in flowing 
beiweerf the forehead and the hand. Helmholti, re- 
peating this experiment, observed only a wild rush of 
colour. Dr. liunter saw flashes of tight when a piece 
of metal placed under the tongue was touched against 
another which touched the moist tissues of the eye. 
Volta and Ritter heard musical sounds when a ciureni 
was passed through the ears ; and Humboldt found a 
sensation to be produced in the organs of smell when a 
current was passed itam the nostril to the soft palate. 
Each of the specialised senses can be stimulated into 
activity by the current. Man possesses no specialised 
sense for the perception of electrical forces, as he does 
for light and for sound ; but there is no reason for denying 
the possibility that some of the lower creatures may be 
endowed with a special electrical sense. 

The following experiment shows the effect of feeble 
currents on cold-blooded creatures. If a copper (or silver) 
coin be laid on a piece of sheet zinc, and a common 
garden snail be set to crawl over the zinc, directly 
it comes into contact with the copper it will suddenly 
pull in its horns, and shrink in its body. If it is set to 
crawl over two copper wires, which are then placed in 
contact with a feeble voltaic cell, it immediately an- 
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i the establishment of a current by a siinikr 
contraction.' 

229. MuBOular OontraotiotiB. — In 1678 Swam- 
me^dam showed to the Grand Duke of Tuscany tha.t when 
a portion of muscle of a frog's leg hanging by a thread of 
nerve bound with silver wire was held over a copper 
support, so that both nerve and wire touched the copper, 
the muscle immediately contracted. More than a cen- 




tury later Galvani's attention was drawn to the subject 
by his observation of spasmodic contractions in 1' 
of freshly-killed frogs under the influence of the " 
shock " experienced every time a neighbouring 
machine was discharged. Unaware of Swammi 
experiment, he discovered in 1786 the fact (alludi 

1 It will saruly be crediltd that a certain Jules Alii ona seri 
pcsed a system of telegraphy based on this physiologicsl plienomei 
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Art. 143 as leading ultimately to the discovery of the 
Voltaic Pile) that when nerve and muscle touch two 
dissimilar metals in c<Mitact with one another a con- 
traction of the muscle takes place. The limbs of the 
frog, prepared as directed by Galvani, are shown in Fig. 
' 94. AAer the animal has been killed the hind limbs 
are detached and skinned ; the crural nerves and their 
attachments to the lumbar vertebrae remaining. For 
some hours after death the limbs retdn their contractile 
piower. The frog's limbs thus prepared form an ex- 
cessively delicate galvanoscope : with them, for example, 
(he excessively delicate induction-currents of the tele- 
phone (Lesson XL.) can be shown, though the most 
sensitive galvanometers barely detect them. Galvani 
and Aldini proved that other creatures undergo like 
effects. With a pile of 100 pairs Aldini experimented 
on newly killed sheep, oxen, and rabbits, and found them 
to suffer spasmodic muscular contractions. Humboldt 
proved the same on fishes ; and Zanoiti, by sending a 
current through a newly killed grasshopper, caused it to 
emit its familiar chirp. Aldini, and later Dr. Ure ol 
Glasgow, experimented on the bodies of executed crimi- 
nals, with a success terrible to behold. The facial 
muscles underwent horrible contortions, and the chest 
heaved with the contraction of the diaphragm. This 
has suggested the employment of electric currents as an 
adjunct in reviving persons who have been drowned, the 
contraction of the muscles of the chest serving to start 
respiration into activity. The small muscles attached 
to the roots of the hairs of the head appear to be 
be markedly sensitive to electrical conditions (mm the ' 
readiness with which electrification causes the hair to 
stand on end. 

230. Oonditlona of Muscular Oontraotlon. — To 
produce muscular contraction the current must traverse 
a portion of the nerve longitudinally. In a freshly pre- 
pared frog the current causes a contraction only n 
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tarily when the circuit is made or broken. A rapidly 
interrupted current will induce a. second conira.ction 
before the first has had time to pass off, and the muscle 
may exhibit thus a continuous contraction resembling 
tetanus. The prepared frog after a short time becomes 
less sensitive, and a " direct " current (that is to say, one 
passing along the nerve in the direction from the brain 
to (he muscle) only produces an efTecl when circuit is 
made, while an " inverse " current only produces an 
efiect when the circuit is broken. Matteucci, who 
observed this, also discovered by experiments on living 
animals that there is a distinction between the con- 
ductivity of sensory and motor nerves, — a "direct" 
current affecting the motor nerves on making the 
circuit, and the sensory nerves on breaking it ; white 
an " inverse " current produced inverse results. Little 
is, however, yet known of the conditions of con- 
ductivity of the matter of the nerves ; they conduct 
better than muscular tissue, cartilage, or bone ; but of 
alt substances in the body the blood conducts best. 
Powerful currents doubtless electrolyse the blood to 
some extent, coagulating it and the albumin it contains. 
The power of contracting under the influence of the 
current appears to be a distinguishing property ol 
protoplasm wherever it occurs. The amceba, the 
most structureless of organisms, SutTers contractions. 
Rittcr discovered that the sensitive filant shuts up when 
electrified, and Burdon Sanderson has shown that this 
property extends to other vegetables, being exhibited by 
the carnivorous plant, the Dionaa or Venus' Fly Trap. 

231. Animal Elootriofty.— Although, in his later 
writings at least, Galvani admitted that the electriciiy 
thus operating arose from the metals employed, he 
insisted on the existence of an animal electricity resident 
in the muscular and nervous structures. He showed 
that contractions could be produced without using any 
metals at all by merely touching a nerve at two different 
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points along its length with a morsel of muscle cut from 
a living frog ; and that a conductor of one metal when 
joining a aerve to a muscle also sufficed to cause con- 
traction in the latter, Galvani and Aldioi regarded 
these facts as a disproof of Volta's contact- theory. 
Volta regarded them as proving that the contact 
between nerve and muscle itself produced (as in the 
case of two dissimilar metals) opposite electrical con- 
ditions. Nobili, later, showed that when the nerve and 
the muscle of the frog were respectively connected by a 
water-contact with the terminals of a delicate galvan- 
ometer, a current is produced which lasts several hours : 
he even arranged a number of frogs' legs in series, 
like the cells of a battery, and thus increased the current. 
Matteucci showed that through the muscle alone there is 
an electromotive-force. Du Bois Reymond has shown 
that if the end of a muscle be cut across, the endt of the 
muscular fibres of the transverse section are negative, 
and the sitUs of the muscular libres are positive, and 
that this difference of potential will produce a current 
even while the muscle is at rest. To demonstrate this 
he employed a fine astatic galvanometer with 20,000 
turns of wire in its coils ; and to obviate errors arising 
from the contact of the ends of the wires mth the tissues 
unpolarisable electrodes were used, made by plun^ng 
terminal zmc points into a saturated solution of sulphate 
of zinc, contained in a fine glass tube, the end of which 
was stopped with a porous plug of moistened china clay, 
'llie contraction of muscles also produces currents. 
These Du Bois Reymond obtained from his own muscles 
by dipping the tips of his fore-fingers into two cups 
of salt water communicating with the galvanometer 
terminals. A sudden contraction of the muscles of 
either arm produced a current fi:om the contracted 
toward the uncontracled muscles. Dewar has shown 
that when light falls upon the retina of the eye an 
electric current is set up in the optic nerve. 
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332. Medical Applloatlons. — Electric currents 
have been successfully employed as an adjunct in 
restoring persons rescued from drowning ; the contrac- 
tion of the diaphragm and chest muscles serving to start 
respiration. Since the discovery of the Leyden jar 
many attempts have been made to establish an electrical 
medical treatment. Discontinuous currents, particularly 
those fiimished by small induction-coils and magneto- 
electric machines, are employed by practitioners to 
stimulate the nerves in paralysis and other affections. 
Electric currents should not be used at all except with 
great care, and under ihe direction of regularly trained 
surgeons,' 
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part deccinli. 

CHAPTER IV. 

Electrostatics. 

Lesson 'XX.—Tkeory of Polmtial. 

233. By the Lessons in Chapter L the student will 
have obtained sottie elementary nations upon the exist- 
ence and measurement of definite quantities of electricity. 
In the present Lesson, which is both one of the hardest 
xaA one of the most important to the beginner, and 
which he must therefore study the more carefully, the 
laws which concern the magnitude of electrical quantities 
and their measurement are more fully explained. In no 
branch of knowledge is it more true than in electricity, 
that "science is measurement" That part of the science 
of electricity which deals with the measurement ol 
chaises of electricity is called Eleotrostatioa. We 
shall begin by discussing first the simple laws of electric 
force, which were brought to light in Chapter L by 
simple experimental means. 

034. Firet liaw of Eleotrostatioa — EkOric 
charges of similar sign refiel one another, hut electric 
charges oft^osite signs attract one another. The fiindO' 
mental &cts expressed in this Law were fiilly explained 
in Lesson 1. Though familiar to the student, and 
apparently simple, these facts require for their complete 
explanation the aid of advanced mathematical analysis. 
They will here be treated as simple facts of observation. 
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S36. Seoond Law of BleotroBtatioB. — The/oru 
exerted between two charts 0/ eieciridty (supposing them 
to be collected at points or on two small spheres), is 
lUrectly proportional to their product, and inversely 
proportional to the square of the distance bet-ween them. 
This law, discovered by Coulomb, and called Coulomb's 
Law, was briefly alluded to (on page 16) in the account 
of experiments made with the torsion-balance; and 
examples were there given in illustration of both parts of 
the law. We &aw, too, that a similar law held good for 
the forces exerted between two magnet poles. Coulomb 
applied also the method of oscillations to verify the 
indications of the torsion-balance and found the results 
entirely confirmed. We may express the two clauses o( 
Coulomb's law, in the following symbolic manner. Let 
/stand for the force, q for the quantity of electricity in 
one of the two charges, and q' for that of the otbei 
charge, and let d stand for the distance between them. 
Then, 

(i.)/is proportional toy x /, 

and (2.) /is proportional to-i- 

These two expressions may be combined into one ; 
and it is most convenient so to choose our units or 
standards of measurement that we may write our symbols 
as an equation -.-^ 

f-'-J- 

236. Unit of Bleotrio Quantity.— If we are, how- 
ever, to write this as an equality, it is clear that we 
must choose our unit of electricity in accordance with 
the units already fixed for measuring force and distance. 
All electricians are now virtually agreed in adopting a 
system which is based upon three fundamenttd units : 
viz., the Oentimetre for a unit of length; the Gramme 
for a unit of mass; Ihe Second for a unit oftime. All 
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other units can be derived from these, as is explained 
in the Note at the end of this Lesson. Now, amongst 
the derived units of this system is the unit of force, 
named the DTiie, which is that force which, acting for 
one second on a mass of one gramme, imparts to it 
a velocity of one centimetre per second. Taking the 
dyne then as the unit of force, and the centimetre as 
the unit of length (or distance), we must find a unit of 
electric quantity to a.gree with these in our equation. 
It is quite clear that if q, /, and d were ea.ch made equal 
to I (that is, if we took two charges of value i each, 
and placed them one centimetre apart), the value of 
jt would be — - ■ ,which is equal to i. Hence we 
adopt, as our Definition of a Unit of Electricity, the 
following, which we briefly gave at the end of Lesson IL 
One Unit of Electricity is thai quantitywhich,-wheM placid 
at a distance of one centimetre {in cUr) front a similar and 
equal quantity, repels it with a force of one dyne. 

An example will aid the student to understand the 
application of Coiriomb's law. 

Example. — Two small spheres, chaiged respectively witb 
6 units and 8 units of + electricity, m placed 4 
centimetres apart ; find what force they exert on one 
■nother. By the formula, / = *^', we find / = 
-T- = jj = 3 dynes. Examples for the student 
are given in the Questions at the end of the Book. 

The force in the above example would clearly be a force 
of repulsion. Had one of these charges been negative, 
the product ? x j* would have had a - value, and the 
answer would have come out as minus 3 dynes. The 
presence of the negative sign, therefore, prefixed to a 
force, will indicate that it is a force of attraction, whilst 
the + sign would signify a force of repulsion. 

337. PoteatiaL — We must next define the term 
potential, as applied to electric forces ; but to make 
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the meaning plain a little preliminary explanation is 
necessary. Suppose we had a charge of + electricity 
on a small insulated sphere A (See Fig. 95), placed by 
itself and fax removed from all other electrical charges 
and electrical conductors. If we were to bring another 
body B near it, charged also with + electricity, A would 
repel B. But the repelling force would depend on the 
quoMtity of the new charge, and on the distance at which 
it was placed. Suppose the new charge thus broi^ht 



near to be one unit of ■v electricity ; when B was a long 
way off it would be repelled with a very slight force, and 
very little work need be expended in bringing it up 
nearer against the repelling forces exerted by A ; but as 
B was brought nearer and nearer to A, the repelling 
force would grow greater and greater, and more and 
more work would have to be done against these oppos- 
ing forces in bringing up B. Suppose that we had 
begun at an infinite distance away, and that we pushed 
up our little test charge B fiTsm B' to B" and then to Q, 
and so finally moved it up to the point P, against the 
opposing forces exerted by A, we should have had to 
spend a certain amount of work; that work represents 
ib.& potential' at the point P due to A. For the follow- 
ing is the definition of electrostatic potential -.—The 
potential at any point is the nvork that must be spent 



a widen meaning ihe 


Kt 


■m ' 




u do work." For if 




ha 


« to do a certain q 






cha 




in bringing up a unit of elecnidty 






ichi 


.«k hai the chaxge 


power to do, loi 


lend an exactly (qiial ai 






f work in pushing Ih, 










re lift . pound five 1 


re^hig"!. ■gain" 


t of ElaviCy, the weight 


of the [ 


>ound eui b nm do 


Sn foot-paundi 


in fallinc bade to the | 




ind. 




i-w.»inPm. 


idfour Smrait'j L-soiu in 




menlary Phjaica. 





194 ELEMENTARY LESSONS ON [chap. iv. 

Upon a unit cf positive electricity i/t bringittg it up to 
that point /rom an infinite distance. Had the charge on 
A been a - charge, the force would have been one of 
n which case we should have theoretically to 
; the potential at P, either by the opposite 
process of placing there a + unit, and then removing it 
to an infinite distance against the attractive forces, or 
else by measuring the amount of work which would be 
done d>' a + unit in being attracted up to P from an 
infinite distance. 

It can be shown that where there are more electrified 
bodies than one to be considered, the potential due to 
them at any point is the sum of the potentials (at that 
point) of each one taken separately. 

338. It can also be shown that the potential at a 
point P, near an electrified particle A, is equal lo the 
quantity of electricity at A divided by the distance 
between A and P. Or, if the quantity be called q, ana 
the distance r, the potential is X* If there are a 
number of electrified particles at diflferent distances 
firom P, the separate values of the potential i due to 
each electrified particle separately can be found, and 
therefore the potential at P can be found by dividing the 
quantity of each charge by its distance from the point P, 
and then adding up together the separate amounts so 
obtained. The symbol V is generally used to represent 
potential The potential at point P we will call V^ then 

V,= ^+^+^+....etc. 
or V, = 2?. 
This expression 2 ^ represents the work done <m or 
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by a unit of + electricity when moved up to the given 
point P from an infinite distance, according as the 
potential at P is positive or negative. 

Proot — Firsi dekrviitu the diffeience of potential hetween 
point P and point Q doe to a cha^^e of electiicity f on a small 
sphere at A. 



Call distance AP = r, and AQ = r". Then PQ = 

f - r. The difference of potential between Q and P is the 
tiiork done in movii^ a + nnit from Q to P against the force ; 

work = (average) force x distance through which it 

v,-v, ./v-r). 

The force at P exerted by ^ on a + unit = -^ 
and the force at Q exerted by ^ on a + unit = ■^. 



Now since r, may be made as close to r as we choose, if we 
only take n a large enough number, we shall commit no serious 
error in supposing that r x r, is a fair mean between t* and 
r,° ; hence we may assume the average force over the short 



cGoogk 



ELEMENTARY LESSONS ON (en 



Hence the work done in pasnng from ri to r will be 



'(i-i> 



= 7 ( ~ ) > o"'^ ''">( doDe bom r, to r, will be 

^ 1 i — ' P *tc., giving 111 fl equations, of which 

the last will be tbe work done in pas^g fioni r to r,., 

-'it,- -A 

Addii^ up all these portions of the work, the intennediate 
values of r cancel out, and we get for the work done in pass- 
ing fiom Q to P 

V, - V, =,(^ --ir,) 

Next suppose Q to be an infinite distance from A. Hen 
r' = infinity, and -j- ^ o. In that case the eqnatian 



I( instead of one quantity of electridty f, theie were ■ 
number of electrified particles having chaises ^,f,if, . , . 

etc., at distances of r', r°, r" etc, respectively from 

P, then 



V, = 2 -i— , which was to be proved. 

230. ESero Potential — At a place infinitely distant 
from all electrified bodies there would be no electric 
forces and the potential would be zero. For purposes 
of convenience it is, however, usua.1 to consider the 
potential of the earth for the time being as an arbitrary 
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lero, just as it is convenient to consider " sea-level " as 
a lero from which lo measure heights or depths. 

240. DiBbrenoe of Potentials. — Since potential 
represents the work that must be dane on a + unit in 
brtsE^ng it up from an inlinite distance, the difference 
of potential between two points is the work to be done on 
or by a + unit of electricity in carrying it from orte point 
to the other. Thus if Vp represents the potential at P, 
and Vq the potential at another point Q, the difTerence 
of potentials Vp — V^ denotes the work done in moving 
up the + unit from Q to P. It is to be noted that since 
this value depends only on the values of the potential 
at P and at Q, and not on the values of the potential at 
intermediate points, the work done will be the same, 
whatever the path along which the particle moves from 
Q 10 P. In the same way it is true that the expenditure 
of energy in lifting a pound against the earth's attraction 
from one point, to another on a higher level, will be the 
same whatever the path along which the pound is lifted. 

24L Bleotrio Foroe. — The definition of " work " is 
the product of the force overcame into the distance 
through which the force is overcome, or work = toxoa 
X diatajioe through which it is overcome. 

Hence, if the difference of potential between two 
points is the work done in moving up our -<■ unit from 
one point to the other, it follows that the average electric 
force between those points will be found by dividing 
the work so done by the distance between the points : 
or ' " ^ =/ (the average electric force along the line 
PQ). The (average) electric force is therefore the rate 
of change of potential per unit of lengt** 'f t> =nii C\ 
are near together the force will be pr 
between P and Q. 

S43. Equlpotential SurfaoeB. — A 
tricity collected on a small sphere a 
bodies as if the charge were all collecte 
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at its centre,^ We have seen that the force exerted bj 
such a charge falls off at a distance from the ball, the 
force becoming less and less as the square of the 
distance increases. But the force is the same in 
amount at all points equally distant from the small charged 
sphere. And the potential is the same at all points 
that are equally distant from the charged sphere. If, in 
Fig. 96, the point A represents the sphere charged with 
g units of electricity, then the potential at P, which we 
will call Vp, will be equa] to -*, where r is the distance 
from A to P. But if we take any other point at the 
same distance from A ils potential will also be ^ Now 
all the points that are the same distance from A as 
P is, will be found to lie upon the surface of a sphere 
whose centre is at A, and which is represented by the 
circle drawn through P, in Fig. 97. All round this circle 
the potential will have equal values ; hence this circle 
represents an equipotentlal surftice. The work to 
be done in bringing up a + unit irom an infinite distance 
will be the same, no matter what point of this equi- 
potentlal surfe.ce it is brought to, and to move it about 
from one point to another in the equipotentlal surface 
requires no further overcoming of the electrical forces, 
and involves therefore no further expenditure of work. 
At another distance, say at the point Q, the potential 
will have another value, and through this point Q 
another equipotentlal surface may be drawn. Suppose 
~ :o far from P that to push up a imit of + 
tinst the repelling force of A required the 
f just one er£ of work (for the definition 

lust be wuned that this ceafies to Ik true if other charges 
uu [0 the spbere, for Ihen the clecttidlv wiU ns loogH 
Armfy am its uirlue. It is for this reason that >e have 
: the measurement of eleclrica] forces nith the torsion 
, 1>ails mtist t>e very imtll m proponi<m to the distance* 
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of one erg see the Note on Units at the end of this 
lesson) ; there will be then unit difference of potetUial 
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between the surface drawn through Q and that drawn 
through P, and it will require one erg of work to carry 
a-(- unit from any point on the one surface to any point 
on the other. In like manner we might construct a 
whole system of equipotential sur&ces about the point A, 
choosing them at such distances that there should be 
unit difference of potential between each one and the 
next. The widths between them would get wider and 
wider, for, since the force falls off as you go further from 
A, you must, in doing one erg of work, bring up the 
+ unit through a longer distance against the weaker 
opposing force- 

The form of the equipotential surfaces about two small 
electrified bodies placed near to one another would not 
be spherical ; and around a number of electrified bodies 
placed near to one another the equipotential sur&ces 
would be highly irregular in form. 

24a Llnea of Foroe. — The electric foi 
of attraction or repulsion, always acts acro! 
potential surfaces in a direction normal to 1 
The lines which mark the direction of tl 
electric farces are sometimes called Lines 
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Induction. In the case of the single electrified sphere 
the lines of force would be straight lines, radii of the sys- 
tem of equipotentiaJ spheres. In general, however, lines 
of force are curved ; in this case the resultant force at 
any point would be in the direction of the tangent to the 
curve at that point. Two lines of force cannot cut one 
another, for it is impossible ; the resultant force at a point 
cannot act in two directions at once. The positive 
direction along a line of force is that direction in which 
a small body charged with + electricity would be im- 
pelled by the electric force, if free to move. A space 
bounded by a number of lines of force is sometimes 
spoken of as a iuie of force. All the space, for example, 
round a small insulated electrified sphere may be re- 
garded as mapped out into a number of conical tubes, 
each having their apex at the centre of the sphere. The 
total electric force exerted across any section of a tube 
of force is constant wherever the section be taken. 

344. Potential vlthin a Closed Oonduotor. — 
The experiments related in Arts. 29 to 32 prove most 
convincingly that there is no electric force intide a closed 
conductor. Now we have shown above that electric 
force is the rate of change of potential per unit of length. 
If there is no electric force there is no change of 
potential. The potential within a closed conductor (for 
example a hollow sphere) is therefore the same all over 
the interior ; the same as the potential of the surface. 
The surface of a closed conductor is therefore necessarily 
an equipotential surface. If it were not at one potential 
there would be a fiow of electricity from the higher 
potential to the lower, which would instantaneously 
establish equilibrium and reduce the whole to one 
potential. The power of an electric system to do 
work does not depend upon the accidental surface- 
density at any one point. We know, for instance, 
that when an electrified body is placed near an insulated 
conductor the nearer and farther portions of that con- 
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ductor exhibit induced charges of opposite kinds. The 
explanation of the -paradox is that in the space round the 
chatted body the potential is not uniform. Suppose the 
body to have a + charge, the potential near it is higher 
than in the space farther away. The end of the insulated 
conductor nearest to the charge is in a region of high 
potential, while its farther end is tn a region of lower 
potential. It will, as a whole, take a mean potential, 
which will, relatively to the potential of the surrounding 
medium, appear negative at the near end, positive at the 

246. La^v of Inverse SquEirea — An important 
consequence follows from the absence of electric force 
inside a closed conductor ; this fact enables us to de- 
monstrate the necessary truth of the "law of inverse 
squares " which was first experimentally, though roughly, 
proved by Coulomb with the torsion balance. Suppose 
a point P anywhere inside a hollow sphere charged with 
electricity (Fig. 98). The chaise is uniform all over, 
and the quantity of electricity 
on any small portion of its 
surface will be proportional 
to the area of that portion. 
Consider a small portion of , 
the surface AB. The charge 
on AB would repel a + 1 
placed at P with a ceo 
force. Now draw the lines 
AD and EC through P, and 
regard these as mapping out 
a small conical surface of 
two sheets, having its apex at 
will represent the end of the opposed < 
electricity on CD will also 
and repel it. Now these surfaces AB and CD, and the 
charges on them, will be directly proportional to the 
squares of their respective distances from P. If, then 
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the forces which they exercise on P exactly neutralise 
one another (as expreriment shows they do), it is clear 
that the electric force musl iall off inversely as the 
squares of the dislancesj for the whole surface of the 
sphere can be mapped out similarly by imaginary cones 
drawn through P. The reasoning can be extended also 
to hollow conductors of any form. 

246. Oapaoity. — In Lesson IV. the student was 
given some elementary notions on the subject of the 
Capacity of conductors. We are now ready to give 
the precise definition. The Electrostatic Oapaoity of 
a conductor is measured by the quemtity of electricity 
■which must be implied to it in order to raise its potential 
from zero to unity. A. small conductor, such as an 
insulated sphere of the siie of a pea, will not want so 
much as one unit of electricity to r^se its potential 
from o to I ; it is therefore of small capacity — while 
a large sphere will require a large quantity to raise its 
potential to the same degree, and would therefore be 
said to be of large capacity. If C stand for capacity, 
and Q for a quantity of electricity, 

C = -^ and C V = Q. 

This is equivalent to saying in words that the quantity 
of electricity necessary to charge a given conductor to 
a given potential, is numerically equal to the product of 
the capacity into the potential through which it is raised. 

247. Unit of Oapaoity. — A conductor that required 
only one unit of electricity to raise its potential from o 
to I, would be said to possess unit capacity. A sphere 
one centimetre in radius possesses unit capacity ; for 
if it be chained with a quantity of one unit, this chat^e 
will act as if it were coUeaed at its centre. At the 
suriace, which is one centimetre away from the centre, 
the potential, which is measured as -* , will be i. Hence, 
as I unit of quantity r^ses it to unit i of potential, the 
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Sphere possesses unit capacity. The capacities of spheret 
are proportional to their ra£i. Thus, a sphere of one 
metre radius has a capacity of loa The earth has a 
capacity of about 630 millions (in electrostatic units). 
It is ajmost impossible to calculate the capacities of 
conductors of other shapes. It must be noted that the 
capacity of a sphere, as given above, means its capacity 
when for removed from other conductors or charges of 
electricity. The capacity of a conductor is increased by 
bringing near it a chaise of an opposite kind ; for the 
potential at the surface of the conductor is the sum of 
the potential due to its own charge, and of the potential 
of opposite sign due to tbc neighbouring charge. Hence, 
to bring up the resultant potectiat to unity, a larger 
quantity of electricity must be given to it ; or, in other 
words, its capacity is greater. This is the true way o( 
regarding the action of Leyden jars and other accumu- 
lators, and must be remembered by the student when he 
advances to the consideration of the theory of accumu- 
lators, in Lesson XXII. 

348. Surfaoe-densltr-' — Coulomb applied this term 
to denote the amount of electricity per unit of area at any 
point of a surface. It was mentioned in Lesson IV. that 
a charge of electricity was never distributed uniformly 
over a conductor, except in the case of an instilated 
sphere. Where the distribution is unequal, the density 
at any point of the surface may be expressed by con- 
sidering the quantity of electricity which exists upon a 
small unit of area at that point If Q be the quantity 
of electricity on the small surface, and S be the area of 

1 Tbe void Teiuion ii ximeliiiKt used for Ihil which is hen indiel/ 
defined u Caulomh defiaed i1. The tenn tension U, however, 
and 11 LI Id ofien misapplied in tent-hooks to mean Dol only su 
but also potential, sud ereu electiic force (t'.f., tlie mcchtmica] 
upon a nuterial hody by elcctticily), Ihu we avoid its use alta 

shove CDoAision luts. it is hetter to drop the lenn entirely, ani 
will hsvfl diu thing fewer to kora — and to imleariL 
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that small surface, then the surfece density (denoted by 
the Greek letter p) will be given by the equation, 

'=% 

In diy air, the limit lo the possible electrification is 
reached when the density reaches the value of about 20 
units of electricity per square centimetre. If charged to 
a higher degree than this, the electricity escapes in 
" sparks " and " brushes " into the air. In the case of 
um/ortft distribution over a surfece (as with the sphere, 
and as approximately obtained on a flat disc by a parti- 
cular device known as a guard-ring), the density is found 
by dividing the whole quantity of the charge by the 
whole surface. 

249 Surfaoe-Denslty on a Sphere. — The surface 
of a sphere whose radius is r, is 4 irr^. Hence, if a 
chaise Q be imparted to a sphere of radius r, the sui&ce- 
density all over will be p = ^, ; or, if we know the 
surfdce - density, the quantity of the chai^ will be 
Q =r 4irr*p. 

' The sur&ce-density on ivia spheres joined by a thin 
wire is an important case. If the spheres are unequal, 
they will share the charge in proportion to their capacities 
(see Art. 37), that is, in proportion to their radii. If the 
spheres are of radii 2 and i, the ratio of their charges 
will also be as 2 to i. But their respective densities wiU 
be found by dividing the quantities of electricity on each 
by their respective surfaces. But the surfaces are pro- 
portional to the squares of the radii, i.e., as 4 ; i ; hence, 
(he densities will be as i : 2, or inversely as Ike radii. 
Now, if one of these spheres be very small — no biggei 
than a point — the density on it will be relatively 
immensely great, so great that the air particles in con- 
tact with it will rapidly cany off the charge by convection 
This explains the action of points in discharging con- 
ductors, noticed in Chapter I. Arts. 3; c, 42 and 43. 
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S60. EHectrio Imaeea — It can be shown mathe- 
matically that if -t- 7 units of electricity are placed at a 
point near a non-electrilied conducting sphere of radius 
r, at a distance d from its centre, the negative induced 

charge will be equal to — -.q, and will be distributed over 
the nearest part of the sur&ce of the sphere with a 
surface-density inversely proportional to the cube of the 
distance from that point. Sir W. Thomson pointed out 
that, so fer as all external points are concerned, the 
potential due to this peculiar distribution on the suilace 
would be exactly the same as if this negative charge were 
all collected at an internal point at a distance of r— j 
behind the sur&ce. Such a point may be regarded as a 
■virtual image of the external point, in the same way as in 
optics we regard certain points behind mirrors as the 
virtual images of the external points from which the rays 
proceed. Clerk Maxwell has given the following deflni- 
tloB of an Electric Image : — An electric image is an 
electrified poini, or system of points, on one side of a surface, 
which •would produce on the other side of thai surface the 
same electrical action ivkick the actual ehctrificalio-a of 
that surface really does produce. A charge of -i- elec- 
tricity placed one inch from a flat metallic plate induces 
on it a negative charge distributed over the neighbouring 
region of the plate (nith a density varying inversely as 
the cube of the distance fi^m the point) ; but the 
electrical action of this distribution would be precisely 
represented by its " image," namely, by an equal quantity 
of negative electricity placed at a point one inch behind 
the plate. Many beautiful mathematical applications of 
this method have been made, enabling the distribution 
to be calculated in difficult cases, as, for example, the 
distribution of the charge on the inner surface of a hollow 
bowL 
361. Elleotrio Foroe exertod tsj a Ohai^eed 
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Sphere at a point near to it. — It was shown 
above that the quantity of electricity Q upon a sphere 
charged until its sur&ce-density was p, was 
Q = 4 -^p- 

The problem is to find the force exercised by this 
charge upon a + unit of electricity, placed at a point 
infinitely near the surface of the sphere. The chaise oa 
the sphere acts as if at its centre. The distance between 
the two quantities is therefore r. By Coulomb's law the 
force/ = ^ = '^-^ = 4Tp. 

This important result may be stated in words as 
follows: — The force (in dynes) exerted by a charged 
sphere upon a unit of electricity placed infinitely near to 
its surface, is numerically equal to 47r times the surface- 
density of the charge. 

252. Blectrlo Force exerted by a ohaised 
plate of indeflnlte extent on a point near it. — 
Suppose a plate of indefinite extent to be charged so that 
it has a surface-density p. This suriace-density will be 
unifonn, for the edges of the plate are supposed to be 
so far off as to exercise no influence. It can be shown 
that the force exerted by such a plate upon a + unit any- 
where near it, tirill be expressed (in dynes) numerically 
as 2irp. This will be of opposite signs on opposite sides 
of the plate, being + -ZTrp on one side, and - 2irp on the 
other side, since in one case the force tends to move the 
unit from right to left, in the other from left to right. 
It is to be observed, therefore, that the force changes its 
value by the amount of 4Trp as the point passes through 
the surface. The same was true of the charged sphere, 
where the force outside was ^np, and inside was zero. 
The same is true of all charged surfaces. These two 
propositions are of the utmost importance in the theory 
of Electrostatics. 
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Let P be the point, 
and FX or a the normal 
to the plane. Take any 
STrutil cone having its 
apen at P. Let the 
solid-angle of this cone 
be u ; let its length be 
r ; aod B the angle 
axis makes with a. The 
cone meets the surface 
of the plane obliquely, 
and if an orthi^onai 
section he made where 
it meets the plane, the 
angle between these sections will be — fl. 

. , . ,- . . orthoeonal area of section 
Now solid-angle u is by definition = -3 ; 

Hence, area of oblique section = t^m x -5 

. ■ . charge on oblique section = ^ 

Hence If a + unit of electricity were placed at P, the force 
exerted on this by this small charge = — ~ x t -^ t^ 



Resolve this force into two parts, 
the other along a, normal to the plant 
along B is cos tf X -^^ = uip 

But the whole surface of the plane may be similarly mapped 
out into small surfaces, all forming small cones, with their smnmits 
at P. If we take an infinite number of such small cones meeting 
every part, and resolve their forces in a similar way, we shall 
find that the components along the plane will neutralise one 
another all round, while the normal components, or the resolved 
forces along a, will be equal to the sum of all their sohd-angles 
multiplied by the surface-density ; or 

Total resultant force along a = 'Sup. 
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But the total solid-angle subtended bj an infinite pbne at « 
pMnt is ir, for it subtends a whole hemisphere. 
,'. Total resultant force = xrp. 



NOTE ON FUNDAMENTAL AND DERIVED UNITS. 

254. FnndAineutal Unito.— All physical quantities, such as 
force, velociCf, etc, can be expressed in terms of the three 

fDodamental quaotides : laiglh, man, and lime. Each of these 
quantities must be measured in terms of its own units. 

The system of units, adopted by almost universal consent, 
and used throughout tfiese Lessons, is the so-called "Centi- 
metre - Gramme - Second " system, in which the fundamental 
units are ; — 

The Centimetre as a unit ot len^; 
The Gramme aS a unit of fnass ; 
The Secimd as a unit of time. 

The Cenlimelrt is equal lo 0*3937 inch in length, and no- 
minally repieseats one thousand -millionth part, or , naT.liiTiit 
of a quadrant of the earth. 

The Metre is 100 centimetres, or 39-37 inches. 

The Kilmtetre is 1000 metres, or about 1093*6 yards. 

The MiUimttre b the tenth part of a centimetre, or 003937 

The Gramnte is equal to IS'432 grains, and represents the 
mass of a cubic centimetre of water at 4° C : the Kilegi-aiiinit is 
iooo grammes or i-i pounds. • 

256. Derived Units.— 

Area. — The unit of area is the square cenlimelrt. 

Volume. — The unit of volume is the cuMi ctnlimetrt. 

Velocity. — The unit of velocity is the velocity of a body 
which moves throi^h unit distance in unit time, or the 
velocity of otu caitimtlre per acand. 

Acceleration. — The unit of acceleration is that acceleration 
which imparts unit velocity to a body in unit time, or 
an acceleration of one centimetre-pcr-second per second. 
The acceleration due to gravity imparts in one second 
a velocity considerably greater than this, for the velocity 
11 impaiU (o falling bodiei ii about 981 centimetres per 
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second (oraboul32-a feet per second). The value differs 
slightly in diffeicDt latitudes. At Bristol (he value of 
the acceleration of gravity is ^ = 98 1 ■ I ; at the Equator 
g = 978-1 ! at the North Pole g^ 983-1. 
Farri. — The unit of force is that force which, acting for one 
second on a mass of one gramme, gives to it a velocity 
of one centimetre pei second. It is called one Dynt, 
The force with which the eaith attracts any mass is 
osuaUy called the " weight " of that mass, and its value 
obviously diRers at different points of the earth's surface. 
The force with which a body gravitates, i.i. its weight 
(in dynes), is (bund by multiplying its mass (in grammes) 
by the value of g at the particular place where the force 

Wiwi.— The unit of work is the work done in overcoming 
unit force through unit distance, i.t. in pushing a body 
through a distance of one centimetre against a force of 
one dyne. It is called one Erg. Since the " weight " 
of one gramme is i x 981 or 981 dynes, the work ol 
raising one gramme through the height of one centimetre 
against the force of gravity is 98 1 eigs. 

Sntrgy. — The unit of eneqgr is also the trg ; for the ene^ 
of a body is measured by the work it can do. 

Utai. — The unit of heat (sometimes called a calorie) is the 
amount of heat required to warm one gramme mass ol 
water from 0° to 1° (C] ; and the dynamical equivalent 
of this amount of heat is 42 million a-gs, which is the 
value of Joule's equivalent, as expressed in absolute 
(C.G.S,) measure. (Sa also Art. 367.) 

inlroduced by Oaus^ manmg Ihal chey are independeiit of the tiie of aiiy 
particulai insD-ument, or oflho value of gravity at uty particular plan, or of 
any other mrbitrory quantitieH tJian the three standards of L?11B:th, mass, and 

oame of " CG-S. uuita." as beiilfc deiived from the centimetre, the gramme. 

256. Electrical TJnitB. — There are two systems of electrical 
nnits derived from the fundamental "C.G.S." units, one set 
bdng based upon the force exerted between two quantities of 
electricity, and the other opon the force exerted between two 
magrket poles. The former set are termed lUitrailatic units, the 
latter ilatromagnetk units. The important relation between the 
two sets i* explained in (he note at the end of Lesson XXX. 
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2SJ. Eleotrostatic UnitB.— -No special names have been 
issigDCd lo the electrostatic units of QnaDtitj, Potential, 
Capacity, etc. The reasons lor adopting the following values 
RS units are given either in Chapter I. or in the present Chapter. 
l/ttit 9/ Quantity. — The unit of quantity is that qoaotity of 
electricity which, when placed at a distance of one 
centimetre (in air) from a similar and eqnal quantity. 
repels it with 1 force of one dyne (Art. 136). 
PftatHal. — Potential being measured t>f tiwr^t done in moving 
a unit of + electricity against the electric forces, the unit 
of potential will be measured by the unit of work, the irg. 
Unit Differtnce 0/ Potm/iaJ.— Unit difference of potential 
exists l)etween two points, when it requires the expendi- 
ture of one erg of work to bring a unit of + electricity 
from one point to the other against the electric force 
(Alt. 242). 
i/nit of Capacity. — That conductor possesses unit capacity 
which requires a charge of one unit of electricity to bring 
it up 10 imit potential. A sphere of one centimetre 
radius possesses unit capacity (Art 247). 
SpeiifiL InkucHvi Capacity is defined in ArL 368 as the ratio 
between two quantities of electricity. The spedtic 
inductive capadty of the air is taken as unity. 
368. DtmenaiouB of TTnita. — It has been assumed above 
that a velocity can be expressed in centimetres per second ; for 
velocity is rate of change of place, and it is clear that if change 
of place may be measured as a length in centimetres, the rate 
of change of place will be measured by the number of centi- 
metres through which the body moves in unit of time. It is 
impossible, indeed, to express a velocity without regarding it as 
the quotient of a certain numtier of units of length divided by 
a certain number of units of time. In other words, a velocity 
= ^^ ; or. adopting L as a symbol for length, and T as ■ 
symbol for time, V = t, which is still more conveniently written 
V = LxT~. in a similar way acdleratitm being rate of 
change of velocity, we have A = ^ = ^^ = ^, = L x T ~ '■ 

Now these physical quantities, "velocity," and "acceleration," 
aie respectively ahvayi quantities of the same nature, no matter 
whether the centimetre, or the inch, or the mile, be taken as the 
unit of length, or the second or any other interval t>e taken as 
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the unit of time. Hence we say that these abstract equations 
express the "dimensiam" of those quantities with respect to the 
fundamental quantities length and time. A little consideration 
will show the student that the following will therefore be the 
dimensions of the various units mentioned above : — 





Units. 


DIMSNSIONS. 


/ 


IS' 

Time 


L 
M 

T 


/ 


{£>erived.i 
Area = L x L 
Volume = L X L X L 
Velocity = L -;- T 
Acceleration = velocity -i- lime = 
Force = mass x acceleration = 
Work = force « length 


L* 
LT-' 

LT"° 
MLT-' 
ML'T-' 


9 

i 
V 
R 
C 
i 


{£iKtrBstatic.) 


MiLiT-' 

mUSt-' 
m1l*t-' 
l-'t' 

L 
a numeral 


Quantity = Vfo™ x (dlstuicO ' - 
Current = quantity -i- lime = 
Potential = work -i- quantity = 
Resistance = potential -i- current = 
Capacity = quantity 4- potential = 
Sp. Ind. Capacity = quantity -i- another quantity 



Lesson XXI. — Electrometers. 
250. In Lesson II. we described a nutnber oi electro- 
: for indicating the presence and 
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sign of a charge of electricity ; some of these also served 
to indicate roughly the amount of these charges, but none 
of them save the torsion balance could be regarded as 
affording an accurate means of measuring either the 
quantity or the potential of a given charge. An inslru- 
meni/or measuring differences of electrostatic potentitd m 
termed an Electrometer. Such instruments can also 
be used to measure electric quaniity indirectly, for the 
quantity of a charge can be ascertained by measuring 
the potential to which it can raise a conductor of known 
capacity. The earliest electrometers attempted to measure 
the quantities directly. Lane and Snow Harris constructed 
" Unit Jars " or small Leyden jars, which, when it was 
desired to measure out a certain quantity of electricity, 
were charged and discharged a certain number of times. 
The discharging gold-leaf electroscope of Gaugain was 
invented with a similar idea. 

260. Repulsion Bleotrometera. — The torsion 
balance, described in Art. 15, measures quantities by 
measuring the forces exerted by the charges given to the 
fixed and movable balls. It can only be applied to the 
measurement of repelling forces, for the equilibrium is 
unstable in the case of a force of attraction. 

There are, besides the gold-leaf electroscope and the 
Lane's electroscope, described in Lesson II,, a number 
of finer electrometers based upon the principle of repul- 
sion, some of which resemble the torsion balance in 
having a movable arm turning about a central axis. 
Amongst these are the electrometers of Dellmann and of 
Peltier ; the latter of these is shown in Fig. 1 1 1, in the 
Lesson on Atmospheric Electricity. In this apparatus a 
lighl arm of aluminium, balanced upon a point, carries 
also a small magnet to direct it in the magnetic meridian. 
A fixed arm, in metallic contact with the movable one, 
also lies in the magnetic meridian. A charge imparted 
to this instrument produces a repulsion between the fixed 
and movable arms, causing an angular deviation. Here, 
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however, the force is measured not by being pitted against 
the torsion of an elastic fibre, or against gravitation, but 
against the directive magnetic force of the eaitb acting 
on the small needle. Now this depends on the intensity 
of the horizontal component of the eanh's magnetism at 
Che place, on the ms^etic moment of the needle, and 
on the sine of the angle of its deviation. Moreover, the 
repulsion here is not between two charges eoUected on 
small spheres, but between the fixed ann and the mov- 
able one. Hence, to obt^n quantitative values for the 
readings of this electrometer, it is necessary to make 
preliminary experiments and to " calibrate " the degree- 
readings of the angular deviation to an exact scale. 

261. Attracted - Disc Blectroiueteia. — Snow 
Harris was the first to construct an electrometer for 
measuring the attraction between an electrified and a 
non-electrified disc ; and the instrument he devised may 
be roughly described as a balance for iveighing a charge 
of electricity. More accurately spteaking, it was an 
instrument resembling a balance in form, carrying at one 
end a light scale pan ; at the other a disc was hung 
above a fixed insulated disc, to which the chaise to be 
measured was imparted. The disadvantages of this 
instrument were manifold, the chief objection being due 
to the irregular distribution of the charge on the disc. 
The force exerted by an electrified point falls off inversely 
as the square of the distance, since the lines of force 
emanate in radial lines. But in the case of a uniformly 
electrified plane surface, the lines of force are normal to 
the surface, and parallel to one another ; ""■* *■— '^-~- 
is independent of the distance. The di 
a small sphere nearly fulfils the first of th 
The distribution over a flat disc would 1 
latter condition, were it not for the pertu 
the edges of the disc where the surface-d 
greater (see Art. 3;); for this reason 
electrometer was very imperfect 



214 ELEMENTARY LESSONS ON [chap. iv. 

Sir W. Thomson has introduced several very import- 
ant modifications into the construction of attractcd-disc 
electrometers, the chief of these being the employment 
of the " guard-plate " and the providing of means for 
working with a definite standard of potential. It would 
be beyond the scope of these lessons to give a complete 
description of all the various forms of attracted-disc 
electrometa- ; but the main principles of them all can be 
readily expl^ned. 

The disc, C, whose attraction is to be measured, is sus- 
pended (Fig. loo) within a fixed guard-plate, B, which 



Fig. loa 

surrounds it without touching it, and which is placed 
in metallic contact with it by a fine wire. A lever, L, 
supports the disc, and is furnished with a counterpoise ; 
whilst the aluminium wire which serves as a fulcrum may 
be also employed to produce a torsion force. In order 
to know whether the disc is precisely level with the 
lower surface of the guard-plate a little gauge or index 
is fixed above, and provided with a lens, /, to observe 
its indications. Beneath the disc and guard-jdate is 
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a second disc, A, supported an an insulating stand. This 
lowet disc can be raised or lowered at will by a micro- 
meter screw, great care being taken in the mechanical 
arrangements that it shall always be parallel to the 
plane of the guard-plate. .Now, since the disc and 
guard-plate are in metallic connection with one another, 
they form virtually part of one surface, and as the 
iiTt^arities of distribution occur at the edges of the 
surface, the distribution over the surface of the disc is 
practically uniform. Any attraction of the lower plate 
upon the disc migki be balanced either by increasing 
the weight of the counterpoise, or by putting a torsion 
on the wire ; but in practice it is found most convenient 
to obtain a balance by altering the distance of the lower 
plate until the electric force of attraction exartly 
balances the forces (whether of torsion or of gravity 
acting on the counterpoise) which tend to lift the disc 
above the level of the guard-plate. 

The theory of the instrument is simple also. The 
force F just outside a charged conducter is 47rp (Art. 
sjz); and nnce electric force is the same thing as 
the rate of change of potential per unit of length 
(Art. J41), it will be equal to ^ where V is the 
difference of potentials between the upper and lower 
plates, and D the distance between them : hence p— — =• 
If the surface of the movable disc be S, the quantity of 
the charge on it will be Sp. Now, let us suppose that 
the electricity on the lower plate has an equal density 
but of opposite sign, as will be the case if either plate is 
connected to "earth." Since its density K — p it will 
exercise a force of ~ 2jrp on a -H unit placed near the disc ; 
(but as this force is a force exerted from the upper side 
of the plate we must change its sign again and call it 
4- 2vp, where the -h sign signifies a force tending to 
move a + unit downwards.) Now on the disc there are 
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Sf> units of electricity ; hence the total fore 
on the disc will be F = iwp x Sp. 

= 2vSp*. 



whence V : 



■V¥- 



From this we gather that, if the force F remain the 
same throughout the experiments, Ike differcTue of po- 
tentials between the discs -will be simply proportional te 
the distance between them when the disc is in level 



equilibrium. And the quantity. /^^ may be deter 

mined once for all as a " constant " of the instrument 

In the more elaborate forms of the instrument, such 
as the "absolute electrometer," and the "portable 
electrometer," the disc and guard-plate are covered 
with a metallic cage, and are together placed in com- 
munication with a condenser to keep them at a known 
potential. This obviates having to make measurements 
with zero readings, for the differences of potential will 
now be proportional to Mfferences of micrometer readings. 



,,-(D,-D.)y!|E. 



The condenser is provided in these ii 
a gauge, itself an attracted-disc, to indicate when it is 
charged to the right potential, and with a repienisher to 
increase or decrease the charge, the repienisher being 
a little convection-induction machine (sec Art. 45). 

262. The QuadraDt Electrometer. — The Quad- 
rant Electrometer of Sir W. Thomson is an example of 
a difierent class of electrometers, in which use is made 
of an auxiliary charge of electricity previously imparted 
to the needle of the instrument The needle, which cm- 
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sists of a thin flat piece of metal hung horizontally by a 
fibre or thin wire, thus charged with, say, + electricity, 
will be attracted by a — charge, but repelled by a + 
charge ; and such attraction or repulsion will be stronger 
in proportion to these chaises, and in proportion to the 
charge on the needle. Four quadrant -pieces of brass 
are fixed horizontally below the needle without touching 
it or one another. Opposite quadrants are joined with 
fine wires. 

Fig. loi shows a very simple form of the Quadrant 
Electrometer, as arranged for qualitative experiments. 



cGoogk 
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Leyden jar or other condenser. In order to observe 
the minutest motions of the needle, a reading-telescope 
and scale arc so placed that the observer looking through 
the telescope sees an image of the zero of the scale 
reflected in the little mirror. The wires connecting 
quadrants i and 3, 2 and 4, are seen above the top of 
the case. The needle and quadraiits are shown in plan 
separately above. If there is the slightest difference of 
potential between the pairs of quadrants, the needle, 
which is held in its zero position by the elasticity of the 
wire, will turn, and so indicate the difference of potential. 
When these deflections are small, the scale readings will 
be very nearly proportional to the difference of potential. 
The instrument is sufficiently delicate to show a difference 
of piotential between the quadrants as small as the ^ of 
that of the Daniell's cell 

For very exact measurements many additional refine- 
ments are introduced into the instrument. Two sets ol 
quadrants are employed, an upper and a lower, having 
the needle between them. The torsion wire is replaced 
by a delicate bifilar suspension (Art. 118). To keep 
up the chatge of the Leyden jar a " Replenisber " is 
added ; and an " attracled-disc," like that of the Absolute 
Electrometer, is employed in order to act as a gauge to 
indicate when the jar is chat^d to the right potential. 
In these forms the jar consists of a glass vessel placed 
below the quadrants, coated externally with strips of tin- 
foil, and containing strong sulphuric acid which serves 
the double function of keeping the apparatus dry by 
absorbing the moisture and of acting as an internal 
coating for the jar. It is also more usual to throw a 
spot of light from a lamp upon a scale by means of the 
little mirror (as described in the case of the Mirror 
Galvanometer, in Art. 202), than to adopt the subjective 
method with the telescope, which only one person at a 
time can use When the instrument is provided with 
replenisber and gauge, the measurements can be made in 
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terms of absolute units, provided the ■' constant " of the 
particular instrument (depending on the suspension of 
the needle, size and position of needle and quadrants, 
potential of the gauge, etc.) is once ascertained. 

263. An example will iUustrate the mode of using the instni- 
ment. It is Imown that vhen the two ends of a thin wiie are 
kepi at two different potentials a current flows through the wire, 
and that if the potential is measured at different points along 
the wire, it is found to fall ofl^ in a perfectly uniform manner 
from the end that is at a high potential down to that at the low 
potential. At a point one quarter along the potential will have 
fallen off one quarter of the whole difference. This could be 
proved by joinJnE the two ends of the vrire through which the 
current was flowing to the terminals of the Quadrant Electro- 
meter, when one pair of quadrants would be at the high 
potential and the other at the low potential. The needle would 
turn and indicate a certain deflection. Now, disconnect one of 
the pairs of quadrants firom the low potential end of the wire, 
and place them in communication with a point one quarter 
along the wire from the high potential end. The needle will 
at once bdicate that the difference of potential is but one quarter 
of what it was before. 

Often the Quadrant Electrometer is employed simply ai a 
very delicate electiojc<>^ in systems of measurement in which a 
difference of electric potential is measured by hang balanced 
against an equal and opposite difference of potential, exact 
balance being indicated by there being tut deflection of the 
Electrometer needle. Such methods of experiment mg are known 
as " Milt Mflkodi," or " Ztro Mithads." 

264. Dry-PUe Bleotrometer. — The principle of 
symmetry observed in the Quadrant Electrometer was 
previously employed in the Electroscope of Bohnenberger 
— a much less accurate instrument — in which the charge 
to be examined was imparted to a single gold leaf, placed 
symmetrically between the poles of a dry-pile (Art 182), 
toward one or other pole of which the leaf was attracted. 
Fcchner modified the instrument by connecting the -»- 
pole of the diy-pile with a gold leaf hanging between 
two metftl discs, from the more -)- of which it was re- 



^" 
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pelled. The inconstancy of dry-piles as sources of 
electrification led Hankel to substitute a battery of a 
very lai^ number of small Daniell's cells. 

266. OapUlary Elleotrometers. — The Capillary 
Electrometer of Lippmann, as modified by Dewar, was 
described in Art. 225. 



Lesson XXII. — Specific IndticHve Capacity, etc. 

266. In Lesson VI, it was shown that the capacity 
of a Leyden jar or other condenser depended upon the 
size of the conducting coatings or surfaces, the thinness 
of the glass or other dielectric between them, and upon 
the particular "inductive capacity" of the dielectric 
used. We will now examine the subject in a more 
rigorous way. In Art. 246 it was laid down that the 
capacity of a conductor was measured by the quantity 
of electricity required to raise its potential to unity ; or 
if a quantity of electricity Q raise the potential flrom 
V to V then its capacity is 

Now, a Leyden jar or other condenser may be 
regarded as a conductor, in which (owing to the parti- 
cular device of bringing near tt^ether the two oppositely- 
charged surfaces) the conducting sur&ce can be made 
to hold a very lai^ quantity of electricity without its 
potential (whether + or -) rising very high. The 
capacity of a condenser, like that of a simple con- 
ductor, will be measured by the quantity of electricity 
required to produce unit rise of potential. 

267. Theory of Spherical Air-Oondenaer. — 
Supptose a Leyden jar made of two concentric metal 
spheres, one inside the other, the space between them 
being filled by air. The inner one, A, will represent the 
' " ■ coating of tinfoil, and the outer sphere, B (F^. 
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102), will represent the exterior coating. Let the radii 
of these spheres be r and r" 
respectively. Suppose a charge 
of Q units to be imparted 
to A i it will induce on the 
inner side of B an equal 
negative charge — Q, and 
the outer side of B a charge 
+ Q will be repelled. This / 
latter is removed by conlf 
with " earth," and need 
no further considered. The 
potential ^ at the centre 
calculated hy the rule given 
in Art. 238, will be f'S- '™ 

V„ = Q _ Q, 

At a point N, outside the outer sphere and quite near to 
it, the potential will be the same as if these two charges, 
+ Q and - Q, were both concentrated at M. Hence 

Vk = ^*^7^ = o. 
So then the difference of potentials will be 

v«-v„ =^-9 = Q (*:=,'); 

But, by the preceding Article, the capacity C = y^„_ . 
therefore C = 4^- 

We see from this formula that thi 
condenser is proportional to the size of 
and that if the insulating layer is very 
r be very nearly as great as r', r' —r 
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small, and the value of the expression -^ mil become 
very great ; which proves the statement that the capacity 
of a condenser depends upon the thinness of the layer 
of dielectric. 

268. Sp&clfio Inductive Capacity. — Cavendish 
was the first to discover that the capacity of a condenser 
depended not. on Its actual dimensions only, but upon 
the inductive power oi iii^ material used as the dielectric 
between the two surfaces. If two condensers (of any of 
the forms to be described) are made of exactly the same 
size, and in one of them the dielectric be a layer of air, 
and in the other a layer of some other insulating sub- 
stance, it is found that equal quantities of electricity 
imparted to them do not produce equal differences-of- 
potentials ; or, in other words, it is found that they have 
not the same capacity. If the dielearic be sulphur, 
for example, it is found that the capacity is about three 
times as great ; for sulphur possesses a high inductive 
power and allows the transmission across it of electro- 
static influence three times as well as air does. The 
name si>eolQo Inductive capacity^ was assigned by 
Faraday to the ratio between the capacities of two con- 
densers equal in size, one of them being an air-condenser, 
the other filled with the specified dielectric. The 
specific inductive capacity of dry air at the temperature 
0° C, and pressure 76 centims., is taken as the standard 
and reckoned as imity. 

Cavendish, about the year 1775, measured the specific 
inductive capacity of glass, bees-wax, and other sub- 
stances, by forming them into condensers between two 
circular metal plates, the capacity of these condensers 
being compared with that of an air condenser (resem- 
bling Fig. 30) and with other condensers which he 

^ Th« name is not ■very happy liat.—i^teific irtd-ucHvitji would have been 
better, and ii the noslogoni lena. for dieleenics, to the tenn "ipedfic con- 
'" used lor condiKun. The leim^iMncnt^Bft^f liilioaudby 



modem wril«««. 
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called "trial-plates." He even went so far as to com- 
pare the capacities of these " trial-plates " with that of a 
sphere of 12J inches diameter hung up in the middle of 

2e0, Faradckya Experiments. — In 1837 Faraday, 
who did not know of the then un- 
published researches of Caven- 
dish, independently discovered 
specific inductive capacity, and 
measured its value for several 
substances, using for this pur- 
pose two condensers of the form 
shown in Fig. 103. Each 
consisted of a brass ball A, 
enclosed inside a hollow sphere 
of brass B, and insulated 
by a long plug of shellac, up 
which passed a wire terminating 
in a ball a. The outer sphere 
consisted of two parts which 
could be separated from each 
other in order to till the hollow 
space with any desired material: 
the experimental process then 
was to compare their capacities 
when one was tilled with the 
substance to be examined, the 
other containing only dry air. pig. ,03. 

The method of eiqwrimenting 
was simple. One of the condensers was ch 
electricity. It was then made to share its char; 
other condenser, by putting the two inner co 
metallic communication with one another, 
coatings also being in communication with 01 
If their capacities were equal they would share 
equally, and the potential after contact wot 
half what it was in the chatted condenser 1 
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tact. If the capacity of one was greater than the other 
the final potential would not be exactly half the original 
potential, because they would not share the charge 
equally, but in proportion to their capacities. The 
potentials of the charges were measured before and 
after contact by means of a torsion balance. ' Faraday's 
results showed the following values: — Sulphur, 2*26; 
shellac, 2'o; glass, 176 or more. 

270. Beoent Beeearohea. — Since 1870 large addi- 
tions to our knowledge of this subject have been made. 
Gibson and Barclay measured the inductive capacity of 
paraffin by comparing the capacity of an air condenser 
with one of paraffin by means of a sliding condenser, and 
a divided condenser called a " platymeter," using a 
quadrant electrometer as a sensitive electroscope to 
adjust the capacity of the condensers exactly to equality. 
Wiillner, Boltzmann, and others, have also examined 
the inductive capacity of solid bodies by several methods. 
Hopkinson has examined that of glass of various kinds, 
using a constant battery to produce the required differ- 
ence of potentials, and a. condenser provided with a 
guard-ring for a purpose similar to that of the guard- 
ring in absolute electrometers. Gordon has still more 
recently made a large number of observations, using a 
delicate apparatus known as a statical " induction 
balance," which is a complicated condenser, so arranged 
in connection with a quadrant electrometer that when 
the capacities of the separate parts are adjusted to 
equality there shall be no deflection in the electrometer, 
whatever be the amount or sign of the actual electrifi- 

1 Thi viilue of the ipeciljc inductive capacity i could then be calculated 
u fbllDwB :— 

Q - vc - v'c + vet 

ihe potential aflet cofflmunicalion with the second appannu, vbgM 
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cation employed for the moment. This aTrangement, 
when employed in conjunction with an induction coil 
(Fig. 148) and a rapid commutator, admits of the in- 
ductive capacity being measured when the duration of 
the actual charge is only very small, the electriiication 
being reversed iz,ooo times per second. Such an instru- 
ment, therefore, overcomes one great difficulty besetting 
these measurements, namely, that owing to the apparent 
absorption of part of the charge by the dielectric (as 
mentioned in Art. 53), the capacity of the substance, 
when measured slowly, is different from its " instantane- 
ous capacity." This electric absorption is discussed 
further in Art 272. The amount of the absorbed charge 
is found to depend upon the time that the charge has 
been accumulated. For this reason the values assigned 
by different observers for the inductive capacity of various 
substances difier to a most perplexing degree, especially 
in the case of the less perfect insulators. The following 
Table summarises Gordon's observations : 



Air 100 

Glass .... 3-013 to 3-258 

Ebonite . . . . 2 284 

Guttapercha . . . z'462 

Indiaiubbei 2'i2o Co z '497 

PotalEn (solid) . . . i -9936 
Shellac . .1*74 

Sulphur . . . 2'5S 

Gordon's values would probably have been more 
reliable had the plates of the induction balance been 
provided with guard-rings (An. 248). Hopkinson, 
whose method was a " slow " one, found for glass 
much higher inductive capacities, ranging from 6*5 to 
lO'i, the denser kinds having higher capacities. Row- 
land has lately examined the inductive capacity of 
plates of quartz cut &om a homogeneous crystal, and 
finds it perfectly devoid of electric absorption. Caven- 
dish observed that the apparent capacity of glass 
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became much greater at those temperatures at which it 
begitis to conduct electricity. Boltzmann has announced 
that in the case of two crystalline substances, Iceland 
spar and sulphur, the inductive capacity is different in 
different directiiwis, according to iheir position with 
rcsfKct to the axes of crystallisation. 

271. Speolflo Inductive Capacity of LIguida 
and GaaeB. — The inductive capacity of liquids also 
has specific values. The following table is taken from 
the data of Silow and of Gordon : — 



Turpenline . 
Pelioleum . 

Bbulphide of Carbon 



i-aj tc 



ao7 



Faraday examined ihe inductive capacity of several 
gases by means of his apparatus (Fig. 103), one of the 
condensers being filled with air, the other with the gas 
which was let in through the tap below the sphere after 
exhaustion by an air pump. The method was too rough, 
however, to enable him to detect any difference between 
them, although many experiments were made with dif- 
ferent pairs of gases at different temperatures and under 
varying pressures. More recently Boltzmann, and inde- 
pendently Ayrton and Perry, have measured the specific 
inductive capacities of different gases by very exact 
methods j and their results agree very feirly. 





BolUD^ 


Ayrteo and Peiij. 


Ail 


(1) 


(I) 




(O-9994I0) 


(0-9985) 




0-999674 


09998 


Carbonic Acid . 
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372. Meobanioal BfFeots of Dieleotrio Stress. 
—That different insulating substances have specific 



CHAP. IV.] ELECTRICITY AND MAGNETISM. taj 

inductive power sufficiently disproves the idea that 
induction is merely an " action at a distance," for it is 
evident that the dielectric medium is itself concerned in 
the propagation of induction, and that some media allow 
induction to take place across them better than others. 
The existence of a residual chaise (Art. 53) can be 
explained either on the supposition that the dielectric is 
composed of heterogenous particles which have unequal 
conducting powers, as Maxwell has suggested, or on the 
hypothesis that the molecules are aaually subjected to 
a strain from which, especially if the stress be long-con- 
tinued, they do not recover all at once. Koblrauscb and 
others have pointed out the analogy between this pheno- 
menon and that of the " elastic recovery" of solid hodies 
after being subjeaed to a bending or a twisting strain. 
A fibre of glass, for example, twisted by a certain force, 
flies back when released to almost its original position, 
a slight sub-peimanent set remains, from which, how- 
ever, it slowly recovers itself, the rate of its recovery 
depending upon the amount and duration of the original 
twisting strain. Hopkinson has shown that it is possible 
to superpose sever^ residual charges, even charges of 
opfXisile signs, which apparently " soak out " as the 
strained material gradually recovers itself. Perry and 
Ayrton have also investigated the question, and have 
shown that the polarisation charges in voltameters exhibit 
a similar recovery.' Air condensers exhibit no residual 

When a condenser is discharged a sound is often heard. 
This was noticed by Sir W. Thomson in the case of air 
condensers ; and Varley even constructed a telephone in 
which the rapid charge and discharge of a condenser 
gave rise to distinct tones. 

' It would appear, thcrefote. piobable that Maxwell'i lu^estioa of heteto. 
ganeity dT itructure, at laadinc to naidual dectrificatioD at the bounding 

bEplanatioD of tha '^nsidiial'' charge. The phenorneDon of ekitic recovery 
eiay itxlf be dui to he 
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As to the precise nature of the molecular or mechanical 
operations in the dielectric when thus subjected to the 
stress of electrostatic induction, nothing is known. One 
pregnant experiment of Faraday is of great importance, 
by showing that induction is, as he expressed it, " an 
action of contiguous particles." In a glass trough {Fig. 
104), is placed 

pentine, in which 
are put some fibres 
of dry silk cut into 
small bits. Two 
' *■ ■"" wires pass into 

the liquid, one of which is joined to earth, the other 
being put into connection with the collector of an 
electrical machine. The bits of silk come fi'om all 
parts of the liquid and fonn a chain of particles from 
wire to wire. On touching them with a glass rod they 
resist being pushed aside, though they at once disperse 
if the supply of electricity is stopped. Faraday regarded 
this as typical of the internal actions in every case of 
induction across a dielectric, the particles erf which he 
supposed to be "polarised," that is, to be turned into 
definite positions, each particle having a positive and a 
negative end. The student will perceive an obvious 
analogy, therefore, between the condition of the particles 
of a dielectric across which electrostatic induction is 
taking place, and the molecules of a piece of iron or 
steel when subjected to magnetic induction. 

Siemens has shown that the glass of a Leyden jar is 
sensibly warmed after being several times rapidly charged 
and discharged. This obviously implies that molecular 
movement accompanies the changes of dielectric stress. 

273. E&eotria Hxpanalon. — Fontana noticed that 
the internal' volume of a Leyden jar increased when it 
was charged. Volta sought to explain this by su^esting 
that the attraction between the two charged sur&ces 
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compressed the glass and caused it to expand laterally. 
This idea had previously occurred to Priesttey. Dutei 
showed that the amount of apparent expansion wa; 
inversely proportional to the thickness of the glass, and 
varied as the square of the potential difference. Quincke 
has recently shown that though glass and some other 
insulators exhibit electrical expansion, an apparent con- 
traction is shown by resins and oily bodies under 
electrostatic stress. He connects with these properties 
the production of optical strain and of double refraction 
discovered by Kerr. (See Lesson on Electro-optics, 
Art 386.) 

274. Submarine Oablda as Oondeneera — A 
submarine telegraph cable may act as a condenser, the 
ocean forming the outer coating, the internal wire the 
inner coating, while the insulating layers of guttapercha 
coirespond to the glass of the Leyden jar. When one 
end of a submerged cable is connected to, say, the + pole 
of a powerful battery, + electricity flows into it. [leTore 
any signal can be received at the other end, enough 
electricity must flow in to chaise the cable to a consider- 
able potential, an operation which may in the case ol 
long cables require some seconds, Faraday predicted 
that this retardation would occur. It is, in actual faO, a 
serious obstacle to signalling with speed through the 
Atlantic cables and others. Professor Fleeming Jenkin 
has given the following experimental demonstration of 
the matter. Let a mile of insulated cable wire be coiled 
up in a tub of water (Fig. 105), one end, N, being 
insulated. The other end is joined up through a long- 
coil galvanometer, G, to the -1- pole of a large battery, 
whose — pole is joined by a wire to the water in the tub. 
Directly this is done, the needle of the galvanometer will 
show a violent deflection, + electricity rushing through it 
into the interior of the cable, and a - charge being 
accumulated on the outside of it where the water touches 
the guttapercha. For perhaps an hour ihe flow will go 
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on, though diminishing, until the cable is fully charged 
Now remove the battery, and instead join up a and b by 
a wire ; the charge in the cable will rush out through the 



galvanometer, which will show an opposite deflection, and 
the residual charge will continue " soaking out " for a 

long time. 

Since the speed of signalling, ' and therefore the 
economical working through a cable, depends upon its 
" capacity " as a condenser,* and since its capacity 
depends upon the specific inductive power of the in- 
sulating substance used, Hooper's compound, which has 
an inductive capacity of only i'7, and is cheap, is pre- 
ferred to gutta-percha, which is expensive, and has a 
specific induaive capacity as high as 2-46. 

376. TTse of Oondensere. — To avoid this retarda- 
tion and increase the speed of signalling in cables several 
devices are adopted. Very delicate receiving instruments 
are used, requiring only a feeble current ; for with the 
feebler batteries the actual chaise given to the cable is 
less. In some cases a key is employed which, after 
every signal, immediately sends into the cable a charge 
of opposite sign, to sweep out, as it were, the chaise left 
behind. In duplex signalling (Lesson XXXIX.) the 

inskclligs (IreUnd) 
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e and electrostatic capacity of the cable have to 
be met by balancing against them an "artificial cable" 
consisting of a wire of equal resistance, and a condenser 
of equal capacity. Messrs. Muirhead constructed for 
duplexing the Atlantic Cable a condenser containing 
100,000 square feet (over two acres of surface) of tinfoiL 
Such condensers are also occasionally used on telegraph 
lines in single working to avoid earth currents. They 
are constructed by placing sheets of tinfoil between 
sheets of mica or of paraffined paper, alternate sheets of 
foil being connected together. Small condensers of 
similar constniaion are used in connection with induc- 
tion coils (Fig. 14S). 

276. Practical Unit of Capacity. — Electridms adopt a uttii 
ef capaaty, termed one f^rad, based on the system of electro- 
niagnelic Units. A condenser of one faiad capacity would be 
raised to a potential of one volt by a charge of one coulomb of 
electricity.' In practice such a con- 
denser would be too enormous to be 

constructed. As a practical unit 
of capacity is therefore chosen the 
micro&rad, or one millionth of a 
farad ; a capacity about equal to 
that of three miles of an Atlantic 
cable. Microfarad condensers ace 
made containing about 3600 square 
inches of tinfoil. Their general form 
is shown in Fig. 106, which re- [■;„, ,0^, 

presents a | microfarad condenser. 

The two brass pieces upon the ebonite top are connected re- 
spectively with the two series of alternate sheets of tinfoil. The 
' plug between them serves to keep the condenser discharged 

Methods of measuring the capacity of a 
are given in Art. 362. 

277. PormulsB for Oapaoltles of Oo; 
and OoDdensera. — The following famiute 
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capacity of condensers of all ordinary forms, in electro 
static units : — 



Two ConcitOrie Spheres: (radii r and ^, specific 
inductive capacity of the dielectric = k). 

Cylinder: (length = /, radius = r). 



Twa Concentric Cylinders: (length = /, spicific in. 
ductive capacity of dielectric = k, internal radius 
= r, external radius = r*. 

Circular Disc: (radius = r, thickness negligible). 



Two Circular Discs: (like air condenser, Art. ^8, 
radii = r, sudace = S, thickness of dielectric => b, 
its specific inductive capacity = t). 



(The latter formula applies to any two parallel discs 
of surfiice S, whether circular or otherwise, provided they 
are large as compared with the distance b between 
them.) 

37a Euere; of Discharge of Leyden Jar or 
Oondenaer. — It follows from the definition of potential, 
given in Art. 237, that in bringing up one + unit 01 
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electricity to the potential V, the work done is V ergs. 
This assumes, however, that the total potential V is not 
thereby raised, and on this assumption the work done 
in bringing up Q units would be QV, If, however, the 
potential is nothing to begin with and is raised 10 V by 
the charge Q, the average pioteiiiial durii^ the operation 
is only JV ; hence the total work done in bringing up 
the charge Q from zero potential to potential V is JQV 
ergs. Now, according to the principle of the con- 
servation of energy, the work done in charging a jar 
or condenser with electricity is equal to the work which 
could be done by that quantity of electricity when the 
jar is discharged. Hence a JQV represents also the 
energy of the discharge, where V stands for the dif- 
ference of potential between the two coatings. 

Since Q = VC, it follows that we may write JQV in 
the form J^, That ia to say, if a condenser of capacity 
C is charged by having a quantity Q of electricity 
imparted to it, the energy of the charge is proportional 
directly to the square of the quantity, and inversely to 
the capacity of the condenser. 

If two equal Leyden jars are charged to the same 
potential, and then their inside and outside coatings are 
respectively joined, their united charge will be the same 
as that of a jar of equal thickness, but having twice the 
amount of surface. 

If a charged Leyden jar is placed similarly in com 
mimication with an uncharged jar of equal capacity, the 
charge will be shared equally between the two jars, and 
the passage of electricity from one to the other will be 
evidenced by the production of a spark when the 
respective coatings are put into communication. Here, 
however, half the energy of the charge is lost in the 
operation of sharing the charge, for each jar will have 
only JQ for its charge and ^V for its potential ; hence 
the energy of the charge of each being half the product 
of chaise and potential will only be one quarter of the 
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original enei^. The spark which passes in the 
operation of dividing the chaige is, indeed, evidence of 
the loss or energy ; it is about half as poweHul as the 
spark vrould have been if the first jar had been simply 
discharged, and it is just twice as powerful as the small 
sparks yielded finally by the discharge of each jar after 
the ch^^ has been shared between them. 

The enei^ of a charge of the jar manifests itself 
as stated above, by the production of a spark at dis- 
charge ; the sound, light, and heat produced being the 
equivalent of the energy stored up. If discharge is 
effected slowly through a long thin wire of high resistance 
the air spark may be feeble, but the wire may be 
perceptibly heated. A wet string being a feeble con- 
ductor affords a slow and almost silent discharge ; here 
probably the electrolytic conduction of the moisture is 
accompanied by an action resembling that of secondary 
batteries {Lesson XXXVIII.) tending to prolong the 
duration of the discharge. 

270. Obarare of Jars arraiiffed in' Oasoade. — 
Franklin su^ested that a series of jars might be 
arranged, the outer coating of one being connected with 
the inner one of the next, the outer coating of the last 
being connected to earth. The object of this arrange- 
ment was that the second jar might be charged with the 
electricity repelled from the outer coating of the first, 
the third from that of the second, and so on. This 
" cascade " arrangement, however, is of no advantage, 
the whole charge accumulated in the series being only 
equal to that of one single jar. For if the inner coating 
of the first jar be raised to V, that of the outer coating 
of the last jar remaining at zero in contact with earth, 
the difference of potential between the outer and inner 
coating of any one jar wilt be only - V, where m is 
number of jars. And as the charge in each jar is equal 
to its capacity C, multiplied by its potential, the charge 
In each will only be '- CV. and in the whole n jars the 
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total charge will be « ^ CV, or CV, or equals the chaise 
of one jar of capacity C raised to the same potential V. 

Lesson XXUI.—PAffwmena of Discharge. 

Q80. An electrified conductor may be dischai^ed in 
St least three different ways, depending on the medium 
through which the discharge is effected, and varying 
with the circumstances of the discharge. 

281. Disruptive Dlscliarge. — In the preceding 
Lesson it has been shown that induction across a non- 
conducting medium is always accompanied by a mechani- 
cal stress upon the medium. If this stress is very great 
the non-condutting medium will suddenly give way and 
a spark will burst across it. Such a discharge is called 
a " disruptive ' discharae. 

A very simple experiment, carefully considered, will 
set the matter in a clear light. Suppose a brass ball 
charged with + electricity to be hung by a silk string 
above a metal plate lying on the ground. If we lower 
down the suspended ball a spark will pass between it 
and the plate when they come very near together, and 
the ball will then be found to have lost all its previous 
charge. It was charged with a certain quantity of 
electricity, and as it had, when suspended out of the 
range of other conductors, a certain capacity (ntuneri- 
cally equal to its radius in centimetres), the electricity 
on it would be at a certain potential (namely — ^, and 
the chaige would be distributed with a certain sur^ce 
density all over it. The plate lying on the earth would 
be all the while at lero potential. But when the sus- 
pended ball was lowered down towards the plate the 
previous state of things was altered. In the presence 
of the + charge of the ball the potential' of the plate 

1 Tike uudeat must remember tKat, by the definition of potAodAl id 
An. »y), (ha potenlial at b pnint Is tbe >nin of all the sepanle quantilia ol 
cleritridBy qeiir it, divided eaeh b7 iti dutaiKe from the pobiL 
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would rise, were it not that, by the action lenned 
induction, just enough negative electrification appears on. 
it to keep its potential still the same as that of the earth. 
The presence of the induced negative electricity on the 
plate will attract the .f- electricity of the ball downwards, 
and aher the distribution of the electricity on the ball, 
the surface - density becoming greater at the under 
>surlace, and less on the upper. The capacity of the 
ball will be increased, and therefore its potential will 
fall correspondingly. The layer of air between the ball 
and the plate is acting like the glass of a Leyden jar. 
The more the ball is lowered down the greater is the 
accumulation of the opposite kinds of electricity on each 
side of the layer of air, and the stress across the layer 
becomes greater and greater, until the limit of the 
dielectric strength is reached ; the air suddenly gives 
way and the spark tears a path across. The greater 
the difference of potential between the two bodies, the 
thicker will he the layer which can thus be pierced, and 
the longer will be the spark. 

282. OonduoHvo Disohai^e. — If the discharge 
lakes place by the passage of a continuous current, 
as when electricity flows through a thin wire from the 
collector of a machine back to the rubbers, or from the 
positive pole of a battery to the negative pole, the opera- 
tion is termed a " coiiduotl7e " dlsobaT^e. The laws 
of the conductive discharge are explained in Lessons 
XXIX. and XXX. 

asa OonveotlTe Dlaoliarffe. — A third kind of 
discharge, differing from either of those above mentioned, 
may take place, and occurs chiefly when electricity of a 
high potential dischai^es itself at a pointed conductor 
by accumulating there with so great a density as to 
electrify the neighbouring particles of air ; these particles 
(hen flying off by repulsion, conveying away part of the 
charge with them. Such convective disckarges may 
occur either in gases or in liquids, but are best maiu 
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Tested in air and other gases at a low pressure, in tubes 
exhausted by an air pump. 

The discharge of a quantity of elearicity in any o( 
the above ways is always accompanied by a transform- 
ation of its energy into energy of some other kind, — 
sound, light, heat, chemical actions, and othei pheno- 
mena being produced. These effects must be treated in 

284. Meohanioal Effects. — Chief amongst the 
mechanical effects of the disruptive spark discharge is 
the shattering and piercing of glass and other insulators. 
The dielectric strength of glass, though much greater 
than that of air, is not infinitely great. A slab of glass 
3 inches thick has been pierc^ by the discharge of a 
powerful induct ion-coit. The so-called " toughened " 
glass has a greater dielectric strength than ordinary 
glass, and is more difficult to pierce. A sheet of glass 
may be readily pierced by a spark from a large Leyden 
jar or battery of jars, by taking the following precau- 
tions : — The glass to be pierced is laid upon a block of 
glass or resin, through which a wire is led by a suitable 
hole, one end of the wire being connected with the outer 
coating of the jar, the other being cut off flush with the 
surface. Upon the upper suriice of the sheet of glass 
that is to be pierced another wire is fixed upright, its 
end being exactly opposite the lower wire, the other 
extremity of this wire beii^ armed with a metal knob to 
receive the spark from the knob of the jar or discharger. 
To ensure good insulation a few drops of paraffin oil, or 
of olive oil, are placed upon the glass round the points 
where the wires touch it. A piece of dry wood similarly 
treated is split by a powerful spark. 

If a spark is led through a tightly corked glass tube 
contuning water, the tube will be shattered into small 
pointed fragments by the sudden expansion of the 

The mechanical action of the brush discharge at 
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points is mentioned in Art. 43, and the mechanical 
effects of a current of electricity were described in 
Usson XIX. 

S85. Iiullin'B Experimeiit.— If a piece of card- 
board be perforated by a spark between two metal points, 
two curious facts are observed. Firstly, there is a slight 
biuT raised on each side, as if the hole had been pierced 
from the middle outwards. Secondly, if the two points 
are not exactly opposite one another the hole is found 
to be nearer the negative point. But if the experiment 
is tried under the air pump in a vacuum, there is no 
such displacement of the hole ; it is then midway 

386. Ohemloal Effeota. — The chemical actions 
produced by currents of electricity have been described 
in Lessons XIV, and XVIII. Similar actions can be 
produced by the electric spark, and by the silent glow 
discharge (see Art. 190}. Faraday showed, indeed, that 
all kinds of electricity from different sources produced the 
same kinds of chemical actions, and he relied upon this 
as one proof of the essential identity of the electricity 
produc«i in different ways. If sparks from an electric 
machine are received upon a piece of white blotting- 
paper moistened with a solution of iodide of potassium, 
browti patches are noticed where the spark has effected 
a chemical decomposition and liberated the iodine. 

When a stream of sparks is passed through moist air 
in a vessel, the air is found to have acquired the property 
of changing to a red colour a piece of paper stained 
blue with litmus. This, Cavendish showed, was due to 
the presence of nitric acid, produced by the chemical 
imion of the nitrogen and oxygen of the air. The effect 
is best shown with the stream of sparks yielded by a 
small indnction coil (Fig. 148), in a vessel in which the 
air has been compressed beyond the usual atmospheric 

The spark will decompose ammonia gas, and olefiant 



CHAP. IV.] ELECTRICITY AND MAGNETISM. ajg 

gas, and it will also cause chemical combination to take 
place with explosion, when passed through detonating 
mixtures of gases. Thus equal volumes of chlorine and 
hydrogen are exploded by the spark. So are oxygen and 
hydrt^en gases, when mixed in the proportion of two 
volumes of the latter to one of the former. Even the 
explosive mixture of common coal gas mixed with from 
four to ten times its own volume of common air, can be 
thus detonated. A common experiment with the so- 
called ^/f^rxc/ij/i;/ consists in filling a small brass vessel 
with detonating gases and then exploding them by a 
spark. The spark discharge is sometimes applied to 
the firing of blasts and mines in military operations, a 
small quantity of iiitminaiing powder being placed in 
the path of the spark to kindle the larger chaise ol 
gunpowder or other explosive. (See also Art. 370,) 

387. FhysloIo^oEiI BflTeots.— The physiological 
effects of the current have been described in Lesson 
XIX. Those produced by the spark dischaige are more 
sudden in character, but of the same general nature. 
The bodies of persons killed by the lightning spark 
frequently exhibit markings of a reddish tint where the 
discharge in passing through the tissues has lacerated or 
destroyed them. Sometimes these markings present a 
singular ramified appearance, as though the discharge 
had spread in streams over the surface at its entry. 

28a Calorific Effects. — The flow of electricity 
through a resisting medium is in every case accompanied 
by an evolution of heat. The laws of heating due to 
currents are given in Art 367. The disruptive dischaige 
is a transfer of electricity through a medium of great 
resistance and accompanied by an evolution of heat 
A few drops of ether in a metallic spoon are easily 
kindled by an electric spark. The spark from an electric 
machine, or even from a nibbed glass rod, is hot enough 
to kindle an ordinary gas-jet. In certain districts ol 
America, during the driest season of the year, the mere 
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rubbing of a person's shoes agaiDSt the carpet, as he 
shuffles across the floor, generates sufficient electricity to 
enable sparks to t>e drawn from his body, and he may 
light the gas by a single spark from his outstretched 
finger. Gunpowder can be fired by the discharge of a 
Leyden jar, but the spark should be retarded by being 
passed through a wet thread, otherwise the powder will 
simply be scattered by the spark. 

The EUctrie Air- Tkermonuier, invented by Kin- 
nersley,^ serves to investigate the healing powers of the 
discharge. It consists of a glass vessel enclosug air, 
and communicating with a tube partly filled with water 
or other liquid, in order to observe changes of volume or 
of pressure. Into this vessel are led two metal rods, 
between which is suspended a thin wire, or a filament 
of gilt paper \ or a spark can be allowed simply to cross 
between them. When the discharge passes the enclosed 
air is heated, expands, and causes a movement of the 
indicating column of liquid. Mascart has further de- 
veloped the instrument by making it self- registering. 
The results of observation with these instruments are 
as follows : — The heating effect produced by a given 
cha^e in a wire of given length is inversely proportional 
to the square of the area of the cross section of the wire. 
The heating eSea is greater, the slower the discharge. 
The total heat evolved is jointly proportional to the 
charge, and to the potential through which it falls. In 
fact, if the entire enei^ of the discharge is expended 
in producing heat, and in doing no other kind of work, 
then the beat developed wiU be the thermal equivalent 
of } QV, or will be ^ units of heat, where } repre- 
sents the mechanical equivalent of heat, (J = 42 million ; 

> Thii iniBuiiianl diOen in «■ euentul ropect from that derucd laattj 
jtMit Ills by Rmu, to whom the butnnnsnl k oftan accRdiud. Rien, 
bowEva, dtduccd quaatituiTa lam. whil* Kinnailqr conMnud bnn- 
tclf with qualitative DbterradOBI. Snow Haiiii also antidpaied Ricu d 
HKral poiiill of hll reacarcha. 
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since 42 x lo* ergs = I gram me- water-degree of heat), 
and Q and V are expressed in C. G. S. units. 

When a powerful discharge takes place through very 
thin wires, they may he heated to redness, and even 
(Used by the heat evolved. Van Marum thus once 
heated 70 feet of wire by a powerful discharge, A 
narrow strip of tinfoil is readily fiised by the charge of 
a large Leyden jar, or battery of jars, A piece of gold 
leaf is in lilce manner volatilised under the sudden heat- 
ing of a powerful dischai^e ; and Franklin utilised this 
property for a rude process of multiplying portraits or 
other patterns, which, being first cut out in card, were 
reproduced in a silhouette of metallic particles on a 
second card, by the device of laying above them a film 
of gold or silver leaf covered again with a piece of card 
or paper, and then transmitting the chaise of a Leyden 
battery through the leaf between the knobs of a universal 
discharger. 

Q8S. Xjuminotis Effects.— The luminous effects 
of the discharge exhibit many beautiful and interesting 
variations under different conditions, The i^ark of the 
disruptive discharge is usually a thin brilliant streak of 
light When it takes place between two metallic balls, 
separated only by a short interval, it usually appears 
as a single thin and brilliant line. If, however, the 
distance be as much as a few centimetres, the spark 
takes an irregular zig-zag form. In any case its path is 
along the line of least resistance, the presence of minute 
motes of dust floating in the air 1>eing quite sufficient to 
determine [he zig-zag character. In many cases the 
spark exhibits curious ramifications and fbrkings, of 
which an illustration is given in Fig. 107, which is drawn 
of one eighth of the actual size of the spark obluned 
from a Cuthbertson's electrical machine. The discharge 
from a Leyden jar affords ii much brighter, shorter, 
noisier spark than the spark drawn direct from the 
collector of a machine. The length (see Art 391) 
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depends upon the frotential, and upon the pressure and 
leinperaiure of the air in which the dischai^e takes 
place. The bdlliance depends chiefly upon the quantity 



Fig- .07. 

of electricity dischai^ed. The colour of the spark varies 
with the nature of the metal sur&ces between which 
the discharge takes place. Between copper or silver 
terminals the spark takes a green tint, while between 
iron knobs, it is of a reddish hue. Examination with 
the spectroscope reveals the presence in the spark of the 
rays characteristic of the incandescent vapours of the 
several metals ; for the spark tears away in its passage 
small portions of the metal sur&ces, and volatilises 

290. Brush DlsohBTEre: Olow Diaoharge. — If 
an electric machine is vigorously worked, but no sparks 
be drawn from its collector, a fine diverging brush of 
pale blue light can be seen (in a dark room) streaming 
from the brass ball at the end of it farthest from the 
collecting comb ; a hissing or crackling sound always 
accompanies this kind of discharge. The brush dis- 
charge consists of innumerable fine twig-like ramifications, 
presenting a form of which Fig. 1 08 gives a fine example. 
The brightness and siie of the brush is increased by 
holding a fiat plate of metal a little way from it. With 
a smaller ball, or with a bluntly p<»nted wire, the brush 
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apixars smaller, but is more distinct a 

The brush discharge is larger and more ramified when a 

positive charge is escaping, than when the electrification 



is negative. Wheatstone found by using his rotating 
mirror thai the brush discharge is really a series of 
successive partial sparks at rapid intervals. 

If the blunt or rounded conductor be replaced by a 
pointed one, the brush disappears and gives place to a 
quiet and continuous glow where the electrified particles 
of air are streaming away at the point. If these con- 
vection-streams are impeded the glow may once more 
give place to the brush. Where a negative charge is 
being dischaiged at a point, the glow often appears to 
be separated from the surface of the conductor by a dark 
space, where the air, without becoming luminous, still 
conveys the electricity. This phenomenon, to which 
Faraday gave the name of the " dark " discharge, is very 
well seen when electricity is discharged through rarefied 
air and other gases in vacuum tubes. 

291. Xieofftli of Sparks. — Roughly speaking, the 
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length of spark between two conductors increases with 
the difference between their potentials. It is also found 
to increa.se when the pressure of the air is diminished. 
Riess found the distance to increase in a proportion a 
little exceeding that of the difference of potentials. Sir 
W. Thomson measured by means of an "absolute elec- 
trometer " (Art. 2 5 1 ) the difference of potential necessary 
to produce a spark discharge between two parallel plates 
at different distances. His precise experiments confirm 
Riess's observation. Thus, to produce a spark at -i of 
a millimetre distance, the difference of potential must be 
27 (arbitrary) units ; at -g millim, 7-3 units ; at i millim. 
12-6 units; and at 1-5 millims. 17-3 units, -De la Rue 
and Miiller have found with their great battery (Art. 174) 
that with a difference of potential of 1 000 volts the strik- 
ing distance of the spark was only 01 27 centimetres (or 
about jir of an inch), and with a difference of 10,000 
volts only 1369. Their 11,000 silver cells gave a spark 
of I-S9 centim. (about | of an inch) long. To produce 
a spark one mile long, through air at the ordinary 
pressure, would therefore require a difference of potential 
exceeding that furnished by i ,000,000,000 Daniell's cells ! 

The length of the spark differs in different gases, being 
nearly twice as long in hydrogen as in air at the same 
density, and longer in air than in carbonic acid gas. 

In rareHed air the spark is longer. Snow Harris 
Staled that the length of spark was inversely proportional 
to the pressure, but this law is not quite correct, being 
approximately true only for pressures between that of 
eleven inches of mercury and that of 30 inches (one 
atmosphere). At lower pressures, as Gordon has lately 
shown, a greater difference of potential must be used to 
produce a spark than that which would accord with 
Harris's law. From this It would appiear that thin 
layers of air oppose a proportionally greater resistance 
to the piercing power of the spark than thick layers, and 
possess greater dielectric strength. 
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A perfect vacuum is a perfect insulator — no spark wiU 
cross it. It is possible to exhaust a tube so perfectly 
that none of our electric machines or appliances can 
send a spark through the vacuous space even over so 
short a distance as one centimetre. 

On the other hand a great increase of pressure also 
increases the dielectric strength of air, and causes it to 
resist the passage of a spark. Cailletet compressed dry 
air at 40 to 50 atmospheres' pressure, and found that 
even the spark of a powerful induction coil failed to cross 
a. space of '05 centimetre wide. The length of the spark 
(in ^r), is also affected by temperature, sparks being 
longer and straighter through hot air than through cold. 

Flamee and currents of very hot air, such as those 
rising from a red-hot piece of iron, are extremely good 
conductors of electricity, and act even better than 
metallic points in discharging a charged conductor. 
Gilbert showed that an electrified body placed near a 
flame lost its charge ; and the very readiest way to rid 
the surface of a charged body of low conducting power 
of a charge imparted to it by friction or otherwise, is to 
pass it dirough the flame of a spirit-lamp. Faraday 
found negative electrification to be thus more easily dis- 
chai^ed than positive. Flames powerfully negatively 
electrified are repelled from conductors, though not so 
when positively electrified. Sir W. Grove has shown 
that a current is set up in a platinum wire, one end 
of which touches the tip, and the other the base, of a 

292. Discharges in Partial Vacua. — If the dis- 
charge take place in glass tubes or vessels from which 
.the air has been partially exhausted, many remarkable 
and beautiful luminous phenomena are produced A com- 
mon form of vessel is the "electric egg" (Fig, 150), a 
sort of oval bottle that can be screwed to an air-pump, and 
fiimished with brass knobs to lead in the sparks. More 
often " vacuum tubes," such as those manufactured by 
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the celebrated Geissler, are employed. These are merel; 
tubes of thin glass blown ioto bulbous or spiral forms, 
provided with two electrodes of platinum wire iiised into 
the glass, and sealed off after being partially exhausted 
of air by a mercurial air-pump. Of these Geissler tubes 
the most useful consist of two bulbs joined by a very 
narrow tube, the luminous effects being usually more 
intense in the contracted portion. Such tubes are 
readily illuminated by a spark from an electrophorus or 
electric machine ; but it is more common to work them 
with the spark of an induction coil (Fig. 14S). 

Through such tubes, before exhaustion, the spark passes 
without any unusual phenomena being produced. As 
the air is exhausted the sparks become less sharply 
defined, and widen out to occupy the whole tube, 
becoming pale in tint and nebulous in form. The 
negative electrode exhibits a beautiAil bluish or violet 
glow, separated from the conductor by a narrow dark 
interval, while at the positive electrode a single small 
bright star of light is all that remains. Frequently the 
light breaks up into a set of stria, or patches of light o( 
a cup-like form, which vibrate to and fro between darker 
spaces. In nitrogen gas the violet aureole glowing 
around the negative pole Is very bright, the rest of the 
light being rosy in tint. In oxygen the difference is not 
so marked. In hydrogen gas the tint of the dischai^e 
is bluish, except where the tube is narrow, where a 
beautiftil crimson may be seen. With carbonic acid gas 
the light is remarkably white. Particles of metal are 
torn off from the negative electrode, and projected from 
its surface. The negative electrode is also usually the 
hotter when made of similar dimensions to the positive 
electrode. It is also observed that the light of these 
dischai^es in vacuo is rich in those rays which produce 
phosphorescence and fluorescence. Many beautifiil 
effects are therefore produced by blowing tubes in 
n glass, which fluoresces with a Gne green light, 
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and by placing solutions of quinine or other fluorescent 
liquids in outer tubes of glass. 

293. Phenomena In Hish Vacua. — Crookes has 
found that when exhaustion is carried to a veiy high 
degree, the dark space separating the negative glow 
from the negative pole increases in width ; and that 
across this space electrified molecules are projected in 
parallel paths normally to the surface of the electrode. 
The chief point relied upon for this theory is, that i( 
exhaustion be carried to such a high degree that the 
dark space fills the entire tube or bulb, and bodies 
(whether opaque or transparent) be then interposed in 
front of the electrode, sharply defined shadows of these 
bodies are projected upon the opposite wall of the vessel, 
as if they stopped the way for some of the flying mole- 
cules, and prevented them from striking the opposite 
wall. Lightly- poised vanes are also driven round if 
placed in the path of the discharge. Holtz has more 
recently produced " electric shadows," by means of dis- 
charges in air at ordinary pressure, between the poles ol 
his well-known machine (Fig. 29), the discharge taking 
place between a point and a disc covered with silk, on 
which the shadows are thrown. 

294. Striio. — The ilrr'a or straiiJieaHons have been examined 
very carefully by Gassiot, by Spoltlswoode, and by De la Rue. 
The principal bets hitherto gleaned are as follow :— The striae 
originate at the positive electrode at a certain pressure, and 
bea>me more namerom, as the exhanstion proceeds, up to * 
certain point, when they become thicker and diminish in number, 
nnCil exhaustion is earned to such a point thai no discharge wilt 
pass. The striae are hotter than the spaces between Ihem. The 
ntunber and position of the stria: vary, not only with the eihaus- 
tim but with the difference of potentials of the electrodes. When 
stride are produced by the intermittent discharges of the induction 
coil, examination of them in a rotating mirror reveals that they 
move forward from the positive electrode towards the negative. 

Schuster has recently shown that the discha^ of electricity 
through gases is a process resembling that of electrotyns (Art. 
41S), being accompanied by breaking vf of the gaseous molfr 
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cnles *iid inccMant interchanges of ^tonis between tbem. The 
production of ozone (Art. 39S) and the phenomena noticed at the 
negative electrode {Art 392) certainly give support to this view. 
The dischai^es in vacuuni tubes are affected b; the magnti 
at all degrees of exhaustioQ, behaving like flexible conductors. 
Under certain conditions also, Che discharge is satsitivi to the 
presence of a condnctor on the eWerior of the tube, retreating 
firom the side where it is touched. This sensitive state appears 
to be due to a periodic iotEimilteDce in the discharge ; an intet- 
mittence or partial inlermittence in the flow would idso probably 
acGOont for the production of siriie. 

295. Eleotrio OsoUIationa — Fcddersen examined 
the spark of a Leyden jar by means of a rotating mirror, 
and found that instead of being a single instantaneous 
discharge, (t exhibited ' certain definite fluctuations. 
With very smal! resistances in the circuit, there was a true 
oscillation of the electricity backward and forward for 
a brief time, these alternate partial discharges being 
probably due to the self-induction of the circuit. With 
a certain higher resistance the discbarge became con- 
tinuous but not instantaneous. With a still higher 

:, the discharge consisted of a series of partial 
I discharges, following one another in the 
same direction. Such sparks when viewed in the rotating 
mirror showed a series of separate images at nearly 
equal distances apart. The period of the oscillations 
was fbtind to be proportional to the square root of the 
capadty of the condenser, 

296. Velocity of Propasatlon of DiBcharse. — 
The earliest use of the rotating mirror to analyse phe- 
nomena of short duration was made by Wheatstone, 
who attempted by this means to measure " the velocity 
of electricity " in conducting wires. What he succeeded 
in measuring was not, however, iA4 velocity of eUctricity,- 
but the time taken by a certain quantity of electricity 
to flow through a conductor of considerable resistance 
and capacity. Viewed in a rotating mirror, a spark of 
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definite duration would appear to be drawn out into an 
elongated streak. Such an elongation was found to be 
visible when a Leyden jar was discharged through a 
copper wire half a mile long ; and when the circuit was 
interrupted at three points, one in the middle and one at 
each end of this wire, three sparks were obtained, which, 
viewed in the mirror, showed a lateral displacement, 
indicating (with the particular rate of rotation employed) 
that the middle spark took place ^,^^^ of a second 
later than those at the ends. Wheatstone argued from this 
a velocity of 388,000 miles per second. But Faraday 
showed that the apparent rate of propagation of a 
quantity of electricity must be affected by the capacity 
of the conductor ; and he even predicted that since a 
submerged insulated cable acts like a Leyden jar (see 
Art. 374), and has to be chained before the potential 
at the distant end can rise, it retards the apparent flow 
of electricity through it Professor Fleeming JenJcin 
says of one of the Atlantic cables, that, after contact 
with the battery is made at one end, no effect can be 
detected at the other for two-tenths of a second, and 
that then the received current gradually increases, until 
about three seconds afterwards it reaches its maximum, 
and then dies away. This retardation is profiortional 
to the square of the length of the cable as well as to 
its capacity and to its resistance ; hence it becomes 
very serious on long cables, as it reduces the speed 
of signalling. There is in fiact no definite assignable 
"velocity of electricity." 

A very simple experiment will enable the student to 
realise the excessively short duration of the spark of a 
Leyden jar. Let a round disc of cardboard painted 
with black and white sectors be rotated very rapidly so 
as to look by ordinary light like a mere gray sui£ice. 
When this is illuminated by the spark of a Leyden jar it 
appears to be standing absolutely still, however rapidly 
it may be turning. A flash of lightning is equally in- 
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stantaneous ; it is utterly impossible to determine at 
which end the flash begins.' 

297. Eleotrio Diist-fl?iirea — Electricity may creep 
slowly over the surface of bad conductors. Lichtenberg 
devised an ingenious way of investigating the distribution 
of electricity by means of certain dust -figures. The 
experiment is very easy. Take a charged Leyden Jar 
and write with the knob of it upon a cake of shellac 
or a dry sheet of glass. Then sift, through a bit of 



Fig. log. 

muslin, over the cake of shellac a mixture of powdered 
red lead and sulphur (vermilion and lycopodium powder 
answer equally well). The powders in this process rub 
against one another, the red lead becoming ■+, the 
sulphur - . Hence the sulphur will be attracted to 
those parts where there is + electrification on the disc, 
and settles down in ctirious branching yellow streaks like 

denes upwards from lh« culb. This is an optica] iltusion, resuldng from the 
unequiLl miitivencu u light efdiflcrent portions of the Rlim of the eye 
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those shown in Fig. 109. The red lead settles down in 
httle red heaps and patches where the electriticatioa is 
negative. Fig. no shows the general appearance of 
the Lichtenber^s figure produced by holding the knob of 



Fie, no. 

the Leyden jar at the centre of a shellac plate that has 
previously been rubbed with flannel, the negative elec- 
trification being attracted upon all sides toward the 
central positive charge. 

Powdered tourmaline, warmed and then sifted over a 
sheet of glass previously electrified irregularly, will show 
similar figures, though not so well defined. 

Breath-figures can be made by electrifying a coin or 
other piece of metal laid upon a sheet of dry glass, 
and then breathing upon the glass where the coin lay, 
revealing a faint image of it on the surface of the glass. 

308. Produotion of Ozone. — Whenever an elec- 
tric machine is worked a peculiar odour is perceived. 
This was formerly thought to be evidence of the existence 
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of an electric "effluvium" or fluid j it is now known to be 
due to the presence of ozone, a modified form of oxygen 
gas, which differs from oxygen in being denser, more 
active chemically, and in having a characteristic smelL 
The dischai^e of the Holtz- machine and that of the 
induction coil are particularly favourable to the pro- 
duction of this substance. 

299. DlssipatloQ of Obarsa. — However well in- 
sulated a charged conductor may be, and however dry 
the surrounding air, it nevertheless slowly loses its 
charge, and in a few days will be found to be completely 
discharged. The rate of loss of charge is, however, not 
uniform. It is approximately proportional to the dif- 
ference of potential between the body and the earth. 
Hence the rate of loss is greater at first than afterwards, 
and is greater for highly charged bodies than for those 
feebly charged. The law of dissipation of charge 
therefore resembles Newton's law of cooling, according 
to which the rate of cooling of a hot body is propor- 
tional to the difference of temperature between it and 
(he surrounding objects. If the potential of the body 
be measured at equal intervals of time it will be found 
to have diminished in a decreasing geometric series ; or 
the logarithms of the potentials at equal intervals of time 
will differ by equal amounts. 

This may be represented by the following equation : 
V, =¥.«->*, 
where V, represents the original potential and V, the potential 
after an interval I. Here t stands for the number 2'7lSz8 . . . 
(the base of the natural logarithms], and / stands for the " co- 
efficient of leak^e," which depends upon the temperature, 
pressure, and humidity of the air. 

The rate of loss is, however, greater at negatively 
electrified surfaces than at positive. 

300. Positive and Negative Slleotrlfloatlon. — 
The student will not have failed to notice throughon! 
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this Lesson frequent differences between the behaviour 
of positive and negative electrification. The striking dis- 
similarity in the Lichtenberg's figures, the dispIacemeDt 
of the perforation - point in LuUin's experiment, the 
unequal tendency to dissipation at surfaces, the remark. 
able differences in the various forms of brush and glow 
discharge, are all points that claim attention. Gassiot 
described the appearance in vacuum tubes as of a force 
emanating from the negative pole. Crookes's experi- 
ments in high vacua show molecules to be violently 
discharged from the negative electrode, the vanes of a 
little fly enclosed in such tubes being moved from the 
side struck by the negative discharge. Hottz found that 
when funnel-like partitions were fixed in a vacuum tube . 
the resistance is much less when the open mouths of the 
funnels (ace the negative electrode. These matters are 
yet quite unaccounted for by any existing theory ol 
electricity. 

Thi Kulhor of these LesKos ii disposed to take the laUawins view od thii 
point :— ir eleccridly be nail; ow and not tuw, eitiier the sn-ulled feHUM 
orthertf^fpFf elecCrificatitmiDuBtbeft itateid wbidi tliere iim^rf electricity 
dnding fipace, and the other must be a state m wbich thet« 
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Lesson XXIV. — Atmospheric Electricity. 

SOL The phenomena of atmospheric electricity are 
of two kinds. There are the well-known electrical pheno- 
mena of thunderstorms ; and there arc the phenomena 
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of continual slight electrification in the air, best observed 
vhen the weather is fine. The plienomena of the Aurora 
constitute a third branch of the subject. 

302. The Thtrnderstorm an Bleotrloal Pbeno- 
menoQ. — The detonating sparks drawn from electrical 
machines and from Le)'den jars did not fail to suggest 
to the early eKperimemers, Hawlcesbee, Newion, Wall, 
Nollet, and Gray, that the lightning flash and the thunder- 
clap were due to electric discharges. In 1749, Ben- 
jamin Franklin, observing lightning to possess almost 
all (he properties observable in electric sparks,' suggested 
that the electric action of points (Art. 43), which was 
discovered by him, might be tried on thunderclouds, 
and so draw from them a. charge of electricity. He 
proposed, therefore, to fix a pointed iron rod to a high 
tower. Before he could carry his proposal into effect, 
Dalibard,at Marly-la-ville, near Paris, taking upFranklin's 
hint, erected an iron rod 40 feet high, by which, in 1752, 
he succeeded in drawing sparks from a passing cloud. 
Franklin shortly after succeeded in anotlier way. He 
sent up a kite during the passing of a storm, and found 
the wetted string to conduct electricity to the earth, and 
to yield abundance of sparks. These he drew from a 
key tied to the string, a silk ribtion being interposed 
between his hand and the key for safety. Leyden jars 
could be charged, and all other electrical effects pro- 
duced, by the sparks furnished from the clouds. The 
proof of the identity was complete. The kite experi- 
ment was repeated by Romas, who drew from a metallic 

1 Fnmldin BnuincnKef spccificaUy an agrcpmenl betw«ii electricity and 
JighLaing; in the foLlowinf Kspecrs: — Civiaf lifht ; colour of the light; 
crooked dlnctioa ; tvift motion ; being coDducled by Aetata ; noise id 
eirptodiaK; ccmduedvity in water ajid !ce : rending imperfect conductora; 
denroyiof utinals; melting metais; liring inflammable substances; sol- 
pbureont ftmeU (due to m^ju, aa we now know) ; ajid he had previotuly found 
that iie«dl«i could bo magnetised both by lightning and by the electric ipark. 
Healudtew attenlioD 10 tho similarity between the pale-blue flams leeo 
during thundery weathsr playing at the dpi of the mait5 of ahipa (caHed b-- 
s^lon St. Elmn'a Firs), and the " i^ow " diseharge at poinU. 
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String sparks 9 feet long, and by Cavallo, who made 
many important observations on atmospheric electricity. 
In 1753 Richmann, of St. Petersburg, who was experi- 
menting with an apparatus resembling that of Dalibard, 
was struck by a sudden discharge and killed. 

303. Theory of Thunderatorma — Solids and 
liquids cannot be charged throughout their substance ; 
if charged at all (he electricity is upon their surface (see 
Art. 2g). Bui gases and vapours, being composed oi 
myriads of separate particles, can receive a bodily charge. 
The air in a room in which an electric machine is 
worked is found afterwards to be charged. The clouds 
are usually charged more or less with electricity, derived, 
probably, from evaporation ^ going on at the earth's 
surface. The minute particles of water floating in the 
air being better conductors than the air itself become 
more highly chatted. As they fall by gravitation and 
unite together, the strength of their charges increases. 
Supp>ose eight small drops to join into one. That one 
will have eight times the quantity of electricity dis- 
tributed over the surface of a single sphere of twice the 
radius (and, therefore, of twice the capacity, by Art. 247) 
of the original drops ; and its electrical potential will 
therefore be four times as great. Now a mass of cloud 
may consist of such charged spheroids, and its potential 
may gradually rise, therefore, by the coalescence of the 
drops, and the electrification at the lower surface of the 
cloud will become greater and greater, the sur&ce of the 
earth beneath acting as a condensing plate and becom- 
ing inductively chained with the opposite 
trification. Presently the difference of poU 
so great that the intervening strata of air f 
the strain, and a disruptive discharge take: 
point where the air offers least resistance 
ning spark, which may be more than a n: 
discharges only the electricity that has be 
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bg at the sur&ce of the clond, and the other parts of 
the cloud will now react upon ihe discharged portion, 
producing internal attrartions and internal discliarges. 
The internal actions thus set up will account for the 
usual appearance of a thundercloud, that it is a well- 
defined fiat-bottomed mass of cloud which appears at the 
top to be boiling or heaving up with continual move- 

304, lAehtaiaa and Thunder. — Three kinds 'of 
lightning have been distinguished by Arago : (i.) The 
Zig-xag flask or " Forked lightning," of ordinary pccur- 
rence. The zig-zag form is probably due either to the 
presence of solid particles in the air or to local electrifi- 
cation at certain points, making the crooked path the 
one of least resistance, (ii.) Skeei limning, in which 
whole surfaces are lit up at once, is probably only the 
reflection on the clouds of a flash taking place at some 
other part of the sky. It is often seen on the horizon at 
night, reflected from a storm too far away to produce 
audible thunder, and is then known as " summer light- 
ning." (iii.) Globular lightning, in the forrn of balls of 
Hre, which move slowly along and then burst with a 
sudden explosion. This form is very rare, but must be 
admitted as a real phenomenon, though some of the 
accounts of it are greatly exa^erated. Similar phe- 
nomena on a small scale have been produced (though 
usually accidentally) with electrical apparatus. Cavalto 
gives an account of a fireball slowly creeping up the 
brass wire of a large highly charged Leyden jar, and 
then exploding as it descended ; and Plants has recently 
observed similar but smaller globular discharges from 
his " rheostatic machine" charged by powerfiil second- 
ary batteries. 

The sound of the thunder may vary with the con- 
ditions of the lightning spark. The spark heats the air 
in its path, causing sudden expansion and compression 
all round, followed by as sudden a rush of air into the 
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partial vacuum thus produced. If the spark be straight 
and short, the observer will hear but one short sharp dap. 
If its path be a long one and not stra.ight, he will hear 
the successive sounds one after the other, with a charac- 
teristic rattle, and the echoes from other clouds will 
come rolling in long afterwards. The lightning- flash 
itself never lasts more ihan uAjt of a second. 

The damage done by a lightning-flash when it strikes 
an imperfect conductor apptears sometimes as a disrup- 
tive mechanical disintegration, as when the masonry 
of a chimney-stack or church-spire is overthrown, and 
sometimes as an effect of heat, as when bell-wires and 
objects of metal in the path of the lightning-current are 
fiised. The physiological effects of sudden discharges 
are discussed in Art. 226. The remedy against disaster 
by lightning is to provide an efficient conductor com- 
municating with a conducting stratum in (he earth. 

The " return-stroke " experienced by persons in the 
neighbourhood of a flash is explained in Art. 26. 

S06. Lightnln? Oonduotore. — The first suggest- 
ion to protect property from destruction by lightning 
was made by Franklin in 1749. in the following words : 

" May not the knowledge of this power of points be of use 
to mankind, in preserving houses, churches, ships, etc., from 
the stroke of lightning, by directing us to (ix on the highest 
parts of those edifices upright rods of iron made sharp as a 
needle, and gilt to prevent rusting, and from the fool of (hose 
rods a wire dowQ the outside of the building into the ground, 
or round one of the shrouds of a ship, and down her side (ill 
it reaches the weter t Would noi these pointed rods probably 
draw the electrical fire silently out of a cloud before it came 
nigh enough to strilte, and thereby secure us from that moal 
sudden and teiiible mischief." 

The four essential points of a good lightning-conductor 
are— (i) that its apex be a fine point elevated above the 
highest point of the building; (2) that its lower end passes 
either into a stream or into wet stratum of ground ; (3) 
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th&t th« conductor between the apex and the ground be 
perfectly continuous and of sufficient conduaing power ; 
(4) that the leads and any iron work or metal woric about 
the roofs or chimneys be connected by stout wires witli 
the main conductor. Too great importance cannot be 
attached to the second and third of these essentials. 
Maxwell has proposed to cover houses with a network 
of conducting wires, without any main conductor, the 
idea being that then the interior of the building will, 
like Faraday's hollow cube (Art. 31), be completely pro- 
tected from electric force. Much controversy has arisen 
of late respecting lightning-rods. Professor Oliver Lodge 
maintaining that a. lightning flash to be of the nature of 
an electric oscillation (Art. 295) rather than a current. 
If so, the conductor of least resistance is not necessarily 
the best lightning-rod. Professor Lodge and the author 
independently, and for different reasons, recommend iron 
in preference to copper for lightning-rods. 

30a. Atmospheric Blootrlcil7. — In 1752 Le- 
monnier observed that the atmosphere usually was in 
an electrical condition, Cavallo, Beccaria, Ceca, and 
others, added to our knowledge of the subject, and 
more recently Queielet and Sir W. Thomson have 
generalised from more careful observations. The main 
result is that the air above the surface of the earth is 
usually, during fine weather, positively electrified, or at 
least that it is positive witl respect to the earth's 
surface, the earth's surface being relatively negative. 
The so-called measurements of " atmospheric electricity " 
are really measurements of difference of potential between 
a point of the earth's surface, and a point somewhere in 
the air above it. In the upper regions of the atmosphere 
the air is highly rarefied, and conducts electricity as do 
the rarefied gases in Ceissler's tubes (Art. 292). The 
lower di is, when dry, a non-conductor. The upper 
stratum is believed to be charged with + electricity, 
while the earth's surface is itself negatively charged ; 
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the stratum oi denser aii between acting like the 
glass of a Leyden jar in keeping the opposite charges 
separate. If we could measure the electric potential at 
different points within the thickness of the glass of a 
Leyden jar, we should find that the values of the 
potential changed in regular order from a + value at 
one side to a — value at the other, there being a point 
of lero potential about half way between the two. Now, 
the air in fine weather always gives + indications, and 
the potential of it is higher the higher we go to 
measure il. Cavallo found more electricity in the air 
just outside the cupola of St. Paul's Cathedral than 
at a lower pKiint of the building. Sir W. Thomson 
found the potential in the island of Arran to increase 
fi-om 23 to 46 volts for a rise 0/ one foot in level; but 
the difference of potential was sometimes eight or ten 
times as much for the same difference of level, and 
changed rapidly, as the east wind blew masses of cloud 
charged with + or — electricity across the sky. Joule 
and Thomson, at Aberdeen, found the rise of potential 
to be equal to 40 volts per foot, or 1 -3 volts per cenii. 

During fine weather a negative electrification of the 
air is extremely rare. Beccaria only observed it six 
times in fifteen years, and then with accompanying 
winds. But in broken weather and during rain it Is 
more often — than +, and exhibits great fluctuations, 
changing from - to + , and back, several times in half 
an hour. A definite change in the electrical conditions 
usually accompanies a change of weather. " If, when 
the rain has ceased (said Ceca), a strong excessive (+) 
electricity obtains, il is a sign that the weather will 
continue fair for several days." 

807. Uethoda of Observation. — The older 
observers were content to affix to an electroscope (with 
gold leaves or pith -balls] an insulated pointed rod 
stretching out into the air above the ground, or to fly a 
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kite, or (as Becquerel did) to shoot into the air an arrow 
communicating with an electroscope by a fine wire, which 
was removed before it fell. Gay Lussac and Biot lowered 
a wire from a balloon, and found a diflerence of potential 
between the upper and lower strata of the air. None 
of these methods is quite satisfactory, for they do not 
indicate the potenlial at any one point. To bring the 
tip of a rod to the same potential as the surrounding air, 
it is necessary that material particles should be discharged 
from that point for a short time, each particle as it 
breaks away carrying with it a + or a — charge until 
the potentials are equalised between the rod and the 
air at that point. Volta did this by means of a small 
flame at the end of an exploring rod. Sir W. Thomson 
has employed a " water- dropper," an insulated cistern 
provided with a nozzle protruding into the air, ftom 
which drops issue to equalise the potentials ; in winter 
he uses a small roll of smoiUdering touch-paper. Dell- 
mann adopted another method, exposing a sphere to 
induction by the air, and then insulating it, and bringing 
it within doors to examine its charge, Peltier adopted 
the kindred expedient of placing, on or near the ground, 
an electrometer of the form shown in Fig, iii, which 
during exposure was connected to the ground, then 
insulated, then removed in-doors for examination. This 
process really amounted to charging the electrometer 
by ittduiiion with electricity of opposite sign to that o( 
the air. TTie principle of this particular electrometer 
was explained in Art, 260. Of recent years the more 
exact electrometers of Sir W. Thomson, particularly the 
" quadrant " electrometer, described in Art. 262, the 
" divided-ring " electrometer, and a " portable " electro- 
meter on the same general principle, have been used 
for observations on atmospheric electricity. These 
electrometers have the double advantage of giving 
quantitative readings, and of being readily adapted to 
automatic registration, by recording photographically the 
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movements of a spot of light refleaed from a small 
mirror attached to their needle. Using a water-dropping 
collector and a Thomson electrometer, Everett made 
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and two minima which in summer were at the hours of 
3 p.m. and about midnight. He also found that in January 
the electricity was about thirteen times as strong as ia 
June. Observations made by Prof. B. Stewart at Kew 

winter, and a second minimum at lo fi.m. in summer 
arid 7 p.m. in winter. The maxima correspond feirly 
with hours of changing temp>erature, the minima with 
those of constant temperature. In Paris, M. Mascart 
finds but one maximum just before midnight : at sun- 
rise the electricity diminishes until about 3 p.m., when it 
has reached a minimum, whence it rises till nightfall. 

Our knowledge of this important, subject is still very 
imperfect. We do not even know whether all the 
changes of the earth's electrification relatively to the air 
are due to causes operating above or below the earth's 
surface. Simultaneous observations at different places 
and at different levels are greatly wanted. 

309. The Aurora. — In all the northern regions of 
the earth the Aurora borealis, or " Northern Lights," is 
an occasional phenomenon ; and within and near the 
Arctic circle is of almost nightly occurrence. Similar 
lights are seen in the south polar regions of the earth, 
and are denominated Aurora auslralis. As seen in 
European latitudes, the usual form assumed by the 
aurora is that of a number of Ill-defined streaks or 
streamers of a pale tint (sometimes tinged with red and 
other colours), either radiating in a fan-like form from 
the horiion in the direction of the (magnetic) north, or 
forming a sort of arch across that region of the sky, of 
the general form shown in Fig. 112. A certain flicker- 
ing or streaming motion is often discernible in the 
streaks. Under very favourable circumstances the 
aurora extends over the entire sky. The appearance of 
an aurora is usually accompanied by a magnetic storm 
(Art. 14J), affecting the compass -needles over whole 
tegima of the globe. This &cts, and the position of the 
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auroral arches and streamers with respect to the 
magnetic meridian, directly suggest an electric origin 
for the light, — a conjecture which is con6rmed by the 
many analogies found between auroral phenomena and 



Fig. in. 

those of discharge in rarefied air (Arts. 292 and 294). 
Yet the presence of an aurora does not, at least in our 
latitudes, affect the electrical conditions of the lower 
regions of the atmosphere. On September 1, 1859, a 
severe magnetic storm occurred, and aurorje were 
observed almost all over the globe ; at the same time 
a remarkable outburst of energy took place in the 
photosphere of the sun ; but no simultaneous develop- 
ment of atmospheric electricity was recorded, Aurora: 
appear in greater frequency in periods of about iij 
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years, which agrees pretty well with the cycles oJ 
maximum of magnetic storms {see Art 144) and.'of 

sun-spots. 

The spectroscope shows the auroral light to be due 
to gaseous matter, its spectrum consisting of a few 
bright lines not referable with certainty to any known 
terrestrial substance, but having a general resemblance 
to those seen in the spectrum of the electric discharge 
through rarefied dry air. 

The most probable theory of the aurora is that origin, 
ally due to Franklin, namely, that it is due to electric 
discharges in the upper air, in consequence of the differ- 
ing electrical conditions between the cold air of the polar 
regions and the warmer streams of air and vapour raised 
from the level of the ocean in tropical regions by the 
heat of the sun. For evaporation of water containing 
saline matter is a source of electrification (see Art 63), 
the escaping vapour becoming positively electrified. 

According to Nordenskiold the terrestrial globe is 
perpetually surrounded at the poles with a ring or crown 
of light, single or double, to which he gives the name ol 
the " aurora-glory." The outer edge of this ring he esti- 
mates to be at ISO miles above the earth's surface, and 
its diameter about 1250 miles. The centre of the aurora- 
glory is not quite at the magnetic pole, being in laL 
81° N., long, 80° E. This aurora-glory usually appears 
as a pale arc of light across the sky, and is destitute of 
the radiating streaks shewn in Fig. 11 a, except during 
magnetic and auroral storms. 

An artificial aurora has been produced by Lemstrcim, 
who erected on a mountain in Lapland a network of 
wires presenting many points to the sky. By insulating 
this apparatus and connecting it by a telegraph wire 
with a galvanometer at the bottom of the mountain, he 
was able to observe actual currents of electricity when 
the auroral beam rose above the n 
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CHAPTER V. 

ELECTROM AGN ETICS. 

LesSOM XXV. — TA^ory of Magnetic Potential. 

810. That branch of the science of electricity which 
(teats of the relation between electric currents and mag- 
netism is termed BldotronuucuetiOB. In Art. 117 the 
law of inverse squares as applied to magnets was explained, 
and the definition of "unit magnetic pole" was given in 
Art. 1 1 5. The student also learned to expressthe strength 
of poles of magnets in terms of the unit pole, and to apply 
the law to the measurement of magnetic forces. It is, 
however, much more convenient, for the purpose of study, 
to express the interaction of magnetic and electromagnetic 
systems in terms not of "force" but of " potential" ; 
i.e. in terms of their power lo do work. In Art 237 
the student was shown how the electric potential due 
to a quaniity of electricity may be evaluated in terms oi 
the work done in bringing up as a test chatge a unit of 
+ electricity from an infinite distance. Macrnetlo 
potential can be measured similarly by 
cess of bringing up a unit magnetic poll 
from an infinite distance, and ascertainin 
of work done in the operation. Hence a 
of the points proved in Lesson XX, cone 
potential will also hold true for magnetic p 
student may compare the following propos 
corresponding ones in Articles 237 to 243 
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(a) The magnelie polmtial at any point is the work 
that must be spent upon a unit magnetic (N.-seek- 
ing) pole in bringing it up to that paint from an 
infinite distance. 

(b) The magnetic potential at any point due to a 
system of magnetic poles is the sum of the separate 
magnetic potentials due to the separate poles. 

The student must here remember that the potentials due 
:o S.-seeking poles will be of opposite sign to those due 
:o N.-seeking poles, and must be reckoned as negative. 

(c) The (magnetic) potential at any point due to a 
system of magnetic poles may be calculated (com- 
pare with Art. 238) by summing up the strengths 
of the separate poles divided each by its ovm 
distance from thai point. Thus, if poles of 
strengths «', «", tri", etc., be respectively at 

distances of r*, r'', r'", (centimetres) 

from a point P, then the following equation gives 
the potential at P : — 



(d) Tie lUfference 0/ (magnetic) potential between 
two points is the work to be done on or by a 
unit (N.-seeking) pole in moving it from one 
point to the other. 

(e) Magnetic force is the rale of change of (magnetic) 
potential per unit of length. 

(f) Equipoienlial surfaces are those (imaginary) sur- 
faces surrounding a magnetic pole or system Oj 
poles, ovef which the (magnetic) potential has 
equal values. Thus, around a single magnetic 
pole, supposing all the magnetism to be collected 
at a point far removed from al! other poles, the 
potential would be equal all round at equal 
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distances ; and the equipotential surfaces would 
be a system of concentric spheres at such dis- 
tances apart that it would require the expendi- 
ture of one «r^ of work to move a unit pole up 
from a point on the surface of one sphere to any 
point on the next (see Fig. 97). Around any real 
magnet possessing two polar regions the equi- 
potential surfeces would be much more com- 
plicated. Magnetic force, -wketker of attraction 
or repulsion, always acts across the equipotential 
surfaces in a direction normal to the surface; tke 
magnetic lines of force are everywhere perpen- 
dicular to the equipotential surfaces. 
311. Tubes of Force. ~— The following proposi- 
tion Is also important : — From a single magnetic pole 
(supposed to be a point far removed from all other 
poles) the lines of force diverge radially in all direaions. 
The space around may be conceived as thus divided up 
into a number of conical regions, each having their apex 
at that pole ; and through each cone, as through a tube, a 
certain number of lines of force will pass. Such a conical 
space may be called a " tube of force." No matter 
where you cut across a tube of force the cross-section 
will cut through all the enclosed lines of force, though 
ihey diverge more widely as the tube widens. Hence, 
(g) The total magnetic force exerted across any section 
of a tube of force is constant •wherever the section 
be taken. 



In case the magnetism is 

point, but distributed over a surface, we shi 

speak of the " amount of magnetism " rather 

■' strength of pole," and in such a case the 

(h) Magnetic density is the amount of free 

per unit of surface. In the case o 

magnetic shell over the face of 

magnetism is distributed with unifoi 
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the "strength " of the shell will be equal to the thick- 
ness of the shell multiplied by the surface-density. 

312. Intenaity of Pl©ld.— We have seen (Art. 105) 
that every magnet is surrounded by a certain "field," 
within which magnetic force is observable. We may 
completely specify the properties of the field at any 
point by measuring the strength and the direction of 
that force, — that is, by measuring the "intensity of 
the field" and the direction of the lines of force. The 
" intensity of the field" at any point is measured by the 

force with -which it acts on a unit magnetic pole placed 
at that point. Hence, unit intensity of field is that 
intensity of field which acts on a unit pole with a force 
of one dyne. There is therefore a field of unit intensity 
at a point one centimetre distant from the piole of a 
magnet of unit strength. Suppose a magnet pole, whose 
strength is m, placed in a field at a point where the 
intensity is H, then the force will be tn times as great 
as if the pole were of unit strength, and 
/= ,n X H. 
We may also take as a measure of the intensity of 
the field at any pobt the number of lines of force that 
pass through a square centimetre of surface placed 
across the field at that point. // follows thai a unit 
fnagnetic pole will ha^e 4ir lines of force proceeding from 
it: for there is unit field at unit distance away, or one 
line of force per square centimetre ; and there are 47r 
square centimetres of surface on a sphere of unit radius 
drawn round the pole. A magnet, whose pole-strength 
is m, has ^irm lines of force running through the steel, 
and diverging at its pole. 

313. IntenBity of Masnetiaation : Masuetio 
Sueoeptibllity and Masrnetlo Permeability. — 
When a piece of magnetic metal is placed in a magnetic 
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field, some of the lines of magnetic force run through it 
and magnetise it. The intensity of its magnetisation 
will depend upon the intensity of the tield into which it 
is put and upon the metal itself. There are two ways 
of looking at the matter, each of which has its advant- 
ages. We may think of the magnetism of the iron or 
other metal as something resident on the polar surfaces, 
and expressed therefore in units of magnetism ; or we 
may think about the internal condition of Che piece of 
metal, and of the number of magnetic lines that are 
running through it and emerging from it into the sur- 
rounding space. This is the more modem way. The 
fact that soft iron placed in the magnetic field becomes 
highly magnetic may then be expressed in the following 
two ways : — (i) iron when placed in the magnetic field 
develops strong poles on its end surfaces, being highly 
susceptible to magnetisation ; (j) when iron is placed in 
the magnetic field, the magnetic lines gather themselves 
up and run in greater quantities through the space 
now occupied by iron, for iron is very permeable to the 
lines of magnetic induction, being a good conductor of 
the magnetic lines. Each of these ideas may be 
rendered exact by the introduction of appropriate 
coefScients. 

The ooeffloient of macrnetiBatdoi), or eueoeptl- 
blllty, is based on unit of pole strength. Suppose a 
magnet to have m units of magnetism on each pole ; 
then if the length between its poles is /, the product 
OT X / is called its magnetic moment, and the magnetic 
moment divided by its volume is called ii 
magnetisation; this term being intended, 
on surface-unit of pole strength, toconvey 
the Internal magnetic state. Seeing that 
product of sectional area into length, it i 
any piece of iron or steel of uniform se 
surface magnetism situated on its ends onl; 
of magnetisation would be equal to the sti 
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divided by the area of end surface. Writing I for the 
intensity of magnetisation wc should have 

Now, supposing this intensity of magnetisation were 
due to the iron having been put into a magnetic field of 
intensity H, we find that the ratio between the resulting 
intensity of magnetisation I and the magnetising force 
H producing it is expressible by a numerical coefficient 
of magnetisation, or susceptibility, k. We may write ; 
! =AH 
or A = 1 

This may be looked at as saying that for every mag- 
netic line in the field there will be k units of ms^et- 
ism on the end suiface. 

In magnetic substances such as iron, steel, nickel, 
etc., the susceptibility k has positive values ; but there 
are many substances such as bismuth, copper, mercury, 
etc., which possess feeble negative coefhcicnts. These 
latter are termed " diamagnetic " bodies (Art. 339) and 
are repelled by the poles of magnets. The values of k 
vary very much in iron, not only in the difTerent qualities 
of iron, but vary in every specimen with the Stage of 
magnetisation. When a piece of iron has become well 
magnetised it is no longer as susceptible to magnetisa- 
tion as it was at first: it is becoming "saturated." 
Barlow found the value oik for iron to be 32*8, Thalen 
found it from 32 to 44, Archibald Smith 80 to 90, 
Stoletow 21 to 174 ; Rowland found Norwegian iron to 
go as high as 366 ; Ewing found thin soft iron wires go 
up to 1300 or 1400. Stoletow showed that iron in a 
weak magnetic field showed a small susceptibility, which 
greatly increased as the magnetising force in the field 
was strengthened, but again fell off with still greater 
forces as the iron got saturated. When very intense 
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magnetising forces are used, so thai the intensity of 
magnetisation is very great, the susceptibility (and p>er- 
meability) is practically reduced to zero. It appears 
that the maximum intensity of magnetisation that can 
be given to iron and steel is about 1 500 (units, per 
square centimetre of cross section). According to 
Rowland the maximum for cobalt is 800, for nickel 
494, Steel does not retain all the magnetisation that 
can be temporarily induced in it, its maximum intensity 
being, according lo Weber 400, according to Von 
Waltenhofen 470, according to Rowland 785, accord- 
ing to Hopkinson 878. Everett has calculated (from 
Gauss's observations) that the intensity of magnetisation 
of the earth is only 0'0790, or only ^ j jpp of what it 
would be if the globe were wholly iron. In weak mag- 
netic fields the susceptibility of nickel exceeds by about 
five times that of iron ; but in strong fields iron is more 
susceptible. 

The ooefflolent of matmetio Induction, or per- 
meabilitjr, is based on the lines of magnetic induction. 
The number of magnetic lines that run through unit 
area of cross section, at any point, is called " the mag- 
netic induction " at that point ; it is denoted by the 
letter B. The ratio between the magnetic induction 
and the magnetising force producing it is expressed by 
a numerical coefficient of induction, or tertneaUUtv. u. 
We therefore write 

B = ,1 H 

»' --l 

This coeflicient is always positive : 
is I, for air it is practically I ; for ma 
is greater than i, for diamagnetic mat 
less than i. The student may think < 
ing way : Suppose a certain magnetis 
a certain direction, there would natun 
action induction along a certain num 
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duction (or so-called lines of force), and in a v 
the number of lines would numerically represent the 
magnetising force. But if the space considered were 
occupied by iron the same magnetising force would 
induce many more lines. The iron has a sort of multi- 
plying power or speciHc inductive capacity, or conduc- 
tivity for the magnetic lines. This penneability is easily 
calculated tram the susceptibility. It was shown at end 
of Art. 3 1 2 that there are 4t magnetic lines proceeding 
from each unit of pole magnetism. Hence if, as shown 
above, each line of force of the magnetising field pro- 
duces k units of magnetism there will be ^irk lines 
added by the iron to each i line in the field, or the 
multiplying power of the iron /i is equal to i -n a,Tk. 
The values of the permeability, like those of suscepti- 
bility, decrease as the magnetisation of the iron gets in- 
creased towards saturation. In the following Table two 
sets of values are given from the researches of Stole- 
tow, and the more recent ones of Bidwell. 
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According to Hopkinson the induction B for cast 
iron is about i i,oao, in a field H of 220 : the residual 
induction being about 5000. Bosanquet 6ads maxi- 
mum induction B for charcoal iron and wrought iron 
from 16,800 to about 19,000; but has succeeded in 
magnetising a wrought iron bar so that the induction in 
the middle bit of the bar reached 29,388. Steel con- 
taining 1 2 per cent of manganese is curiously non-mag- 
netic Hopkinson found its maximum induction only 310. 

314. Potential due to a (SolenoldaJ) Matrnet. 
— A long thin uniformly magnetised magnet exhibits 
free magnetism only at the two ends, and acts on 
external objects just as if there were two "equal quantities 
of opposite kinds of magnetism collected at these two 
points. Such a magnet is sometimes called a solenoid 
to distinguish it from a magnetic sAell (Art. 107). 
Ordinary straight and horse.shoe shaped magnets are 
imperfect solenoids. The magnetic potential due to a 
solenoid, and all its magnetic effects, depend only on 
the position of its two poles, and on theii strength, and 
not on the form of the bar between them, whether straight 
or curved. In Art. 310 (c) was given the rule for finding 
the potential due to a system of poles. Suppose the 
two poles of a solenoid have strengths + m and — m 
(taking S.-seeking pole as of negative value), and that 
the respective distances of these poles from an external 
point P, are r^ and r, i then the potential at P will be. 

Suppose a magnet curled round ui 
poles touch one another : it will not 
on an external object, and will have 
105); for if the two poles are in coma 
r, and r, to an external point P w 

(i |r)"i" be = 

315. Potential doe to a Mag 
tiauss demonstrated that /^ pottnliai 
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shell of a point fuar it is equal to the strength of the 
shell multiplied by the solid-angle subtended by the shell 
at that point; the " strength " of a magnetic shell 
being the product of its thickness into its suriace-density 
of magnetisation. 

If U) represents the solid-angle subtended at the point 
P, and i the strength of the shell, then 



ProoE — To establish this proposition would require an easy 
application of the integral calculus. But the following geo- 
metrical demDnstra.tion, though incomplele, must here suffice. 

Let us consider the shell as composed, like that drawn, of 
a series of small elements of .„ 

thickness I, and having each an 
area of surface s. The whole 
solid -angle subtended at P by 
the shell may likewise be con- . 
ceived as made up of a number | 
of elementary small cones, each ' 
of solid-angle lii : Let r^ and r, 
be the distances from P to the 
two faces of the element : Let '*' "'' 

a section be made across the small cone orthogonally, or at 
right angles to r„ and coll the area of this section a : Let the 
angle between the surfaces s and a be called angle fi : then 
s = -^. Let i be the "strength" of the shell (i.«. = its 

lorlace-density of magnetisatiou x its thickness} ; then -j = 
surface-density of magnetisation, and ' y ~ ^'•^''fith of either 
pole of the little magnet = m. 

,, ,. J , , area of its orthogonal section 
Now solid angle lii = -^-^ 
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But the potential at P of the magnet whose pole is m, will be 

-»(vT-i) 

bat — = — ' whijh we may wiite ' , — J 

becaiise r,.and r, may be made as oearly equal as we please. 



-T^A^) 



or the potential due to the element of tbe shdl = the strength 
of the shell x the solid.angle subtended by the element of the 
shell. Hence, if V be the sum of all the values of v for all the 
different elements, and if u be the whole solid-angle (the sum 
of all the small solid-angles such as i&), 

V, = ui 
or, the potential due to a magnetic shell at a point is equal lo 
Ihe strength of the shell multiplied by the solid.angle subtended 
by the whole of the shell at that pobt. 

Hence ud represents the work that would have to be 
done on or by a unit-pole, to bring it up from an 
infinite distance to the point P, where the shell subtends 
the solid-angle lu. At a point Q wfhere the solid-angle 
subtended by the shell is different, the potential will be 
different, the difTerence of potential between P and Q 

'~»« V, -V, = <(„, -^y 

If a magnet-pole whose strength is m were brought 
up to P, nt times the work would have to 
the mutual potential would be = mid. 

316. Potential of a Magnet-polo or 
It is evident that if the shell of strengtl 
placed where it subtends a solid-angle w al 
it would require the expenditure of the san 
work to bring up the shell from an inlii 
on the one hand, as to bring up the magi 
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an inlinite distance on the other ; hence mat represents 
both the potential of the pole on the shell and the 
potential of the shell on the pole. Now the lines of 
force from a pole may be regarded as proportional in 
number to the strength of the pole, and from a single 
pole they would radiate out in all directions eqtially. 
Therefore, if a magnet-pole was placed at P, at the apex 
of the solid-angle of a cone, the number of lines of force 
which would pass through the solid-angle would be pro- 
portional to that solid-angle. It is therefore convenient 
to regard mm as representing the number of lines of force 
of the pole which pass through the shell, and we may call 
the number so intercepted N. Hence Ike poieniial of a 
magnet-pole on a magnetic shell is equal to the strength 
of the shell multiplied by the number of lines of force 
{due to the magnet-pole) which pass through the shell j 
or V = Nj. If either the shell or the pole were moved 
to a point where a different number of lines of force 
were cut, then the diRerence of potential would be, 

V, - Vp = +/ (N„ - Nf). 
This formula is of great importance : but the student 
must be specially cautioned as to the signs to be 
attributed in applying it to the various quantities. A 
magnet has two poles (N, -seeking and S. -seeking), whose 
strengths are + m and — m, and the two faces of a 
magnetic shell are of opposite sign. To bring up a N.. 
seeking (or -h) pole against the repelling force of the 
N.-seeking face of a magnetic shell requires a positive 
amount of work to be done ; and their mutual reaction 
would enable work to be done afterwards by virtue of 
their position: in this case then the potential is -t-. But 
in moving a N.-seeking pole up to the S.-seeking bee of 
a shell work will be done by the pole, for it is attracted 
up ; and as work done by the pole may be regarded as 
our doing negative work, the potential here will have a 
negative value. 
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Again, suppose we could bring up a unil N.-seektng 
pole against the repulsion of the N. -seeking foce of a 
shell of strengtli (, and should push it right up to the 
shell; when it actually reached the plane of the shell the 
shell would occupy a whole horizon, or half the whole 
space around the pole, the solid-angle it subtended being 
therefore 2'<r,^ and the potential will be + iti. If we 
had begun at the S.-seeking face, the potential at that 
(ace would oe - 2vi. It appears then that the folential 
alters its value by 4!rt on passing from one side of tke 
shell to the other. 

317. Beaotion between a. Pole and a Magnetio 
SheU. — Again, Figs. 51 and 53 will show graphically 
that lines of force from two poles of opposite kind nin 
into one another, whilst those from similar poles turn 
aside as if mutually repellanL If a N.-seeking pole be 
brought up to the N.-seeking face of a shell few or none 
of the lines of force of the magnet will cut the shell i 
whereas if a N.-seeking pole be brought up to the 
S.-seeking face of a shell, large numbers of the lines will 
be cut by the shell and the pole, as a matter of fact, will 
be attracted up to the shell, where as many lines of force 
as possible are cut by the shell. We may formulate this 
action by saying that a magnetic shell and a magnet-pale 
react on one another and urge one another in such a 
direction as to make the number of lines of force that are 
cut by the shell a maximum (Maxwell's Rule, Art. 193). 
Outside the attracting face of the shell the potential is - n^ . 
and the pole moves so as to make >>''': npo-atiu*- nnantiiu 
as great as possible, or to make the 
Which is but another way of put 
particular case of the general pn 
tend to move so that the energy tl 
of their position lends to run down 

31& Ma^netio Potential du 

propositions concerning magnetic 

1 Sec Bou OB Wiiyi dT ReclcOfUDE • 
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preceding paragraphs derive their great importance 
because of the fact laid down in Art 192 that circuits, 
traversed by currents of electricity, behave like magnetic 
shells. And Ibr the purpose of calculating the magnetic 
effects due to currents by applying these theorems, it is 
necessary to adopt the electromagnetic unit of the 
strength of current explained in Art. 196. If we adopt 
such a unit we may at once go back to Ait. 3 1 5, and 
take the theorems about magnetic shells as being also 
true of closed voltaic circuits. 

(a.) Potential due to closed oiroolt (compare 
Art. 315). 

Tht potential V due to a closed voltaic circuit (traversed 
by a current) at a point P near it, is equal to the strength 
0/ the current multiplied by the solid- angle w subtended 
by the circuit at that point. If /'be the strength of the 
current in electromagnetic units, then 



The reason foe adopting the n^ative sign is the ioUawing: — 
The potential (i.«. the work done on a unit N. -seeking 
pole) is reckoned po^tive where the work is done 
against repulsion. Now, ira N.-seekii^ pole is to be 
brought np to a point opposite the repelling face of 9 
circuit, it must (see Fig. 115) be brought up to that face 
round which the electricity is flowing in the coonta- 
clock-wise or negative direction, or round wiucb the 
current must tie considered as having strength — ~- i. 
The student may be helped to undeislanil this conven- 
tion about signs by remembering (see Fig. 115) that 
when he is looking at the S.-pote of an electromagnet 
he is lookbg along the magnetic lines of force in their 
positive direction, and that the current is running clock- 
wise round the coil. Or. the positive direction of lines 
of force through the circuit is associated with a (poutive) 
rotation round the circuit, as is the firTiiard thrust with 
the ri^t-handid rotation in the operation of driving an 
ordinary ijght-handed screw. 

(i.) At a point Q, where the solid-angle subtended by 
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the circuit is tvg instead of Uf, the potential will have a 
, di0erent value, the difference of potential being, 

319. (1:.) Uutual Potential of a Ua^net-pole 
and a CArcuit. — If a magnet-pole of strength m were 
brought up to P, where the circuit subtends a solid-angle 
«i, from an infinite distance against the magnetic forces 
exercised by the current, m times as much work will be 
done as if the magnet-pole had been of unit strength, and 
the work would be just as great whether the pole m were 
brought up to the circuit, or the circuit up to the pole. 
Hence, the mutual potettiiai will be 

But, as Id Art 316, we may regard mtt as representing 
the number of lines of force of the pole which are 
intercepted by and pass through the circuit, and we 
may write N for that number, and say 

V = - ("N, 
or the mulual pottntial of a magrtet-poU and a circuit 
ts equal la the strength of the current multiplied by the 
number of the magaet-poUs lines of force thai are inter- 
cepted by the circmt, taken with reversed sign. 

((/.) As in the case of the magnetic shell, so with the 
circuit, the value of the potential changes by 4!Tt from a 
point on one side of the circuit to a point just on the 
other side ; that is to say, being - 2t»' on one side and 
-h 2!o' on the other side, 
done in carrying a unlt-pc 
round the outside of the 
thus threading the circuit 
round it would be \niii. 

33a («.) Mutual Potei 
closed circuits will have a 1 
the strengths of their respec 
•.part, and on theii form ai 
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be respectively / and *', and if the distance between two 
elements ds and di' of the drcuits be called r, and c the , 
angle between the elements, it can be shown that their 
mulualpoienliala - - tijf^^didi. This expression 
represents the work that would have to be done to 
bring up either of the circuits from an infinite distance 
to its present position near the other, and is a negative 
quantity if they attract one another. Now, suppose the 
strength of current In each circuit to be unity ; their mutual 
potential will in that case be_^i^' dt ds\ a quantity which 
depends purely upon the geometrical form and position 
of the circuits, and for which we may substitute the 
single symbol M, which we will call the " coefficient oj 
mutual potential:" we may now write the mutual 
potential of the two circuits when the currents are i and 
i" as = - «"M. 

But we have seen in the case of a single circuit that 
we may represent the potential between a circuit and a 
unit-pole as the product of the strength of the current 
- 1 into the number N of the magnet-pole s lines of force 
intercepted by the circuit. Hence the symbol M must 
represent the number of each other's Hues of force 
mutually intercepted by both circuits, if each carried 
unit current If we call the two circuits A and B, then, 
when each carries unit current, A intercepts M lines ol 
force belonging to B, and B intercepts M lines of force 



Now suppose both I 
(dock-wise) direction ; the front or S.-seeking face of one 
circuit will be opposite to the back or N. -seeking face of 
the other circuit, and they will attract one another, and 
will actually do work as they approach one another, or 
(as the negative sign shows) negative work will be done 
in bringing up one to the other. When they have 
attracted one another up as much as possible the circuits 
wiQ coincide in lUrection and position as nearly as can 
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ever be. Their potential energy will have run down la 
its lowest minimum, their mutual poteniiaJ being a neg- 
ative maximum, and their coefficient of mutual potential 
M. having its greatest possible value. Two circuits, 
then, are urged so that their coefficient of mutual potential 
M shall have the greatest possible value. This justiRei 
Maxwell's Rule (Ait. 193), because M represents the 
number of lines of force mutually intercepted by both 
circuits. And since in this position each circuit induces 
as many lines of magnetic force as possible through the 
other, the coefficient of mutual potential M is also called 
the eoeffident ofmutuiU induction. 

NOTE ON MAGNETIC AND ELECTRO- 
MAGNETIC UNITS. 

S2L Mifnetio Units. — AU magnetic quantities, strength o< 
poles, intensity of magnetisation, etc, aie expressed in teims of 
gpedal units derived from the fundamental units of lingtA, mast, 
uld time, explained in the Nell en Fundamtntal and Dtrived 
Umit (Alt. 354). Most of the following units have been directly 
explained in the preceding Lesson, or in Lesson XL; the others 
follow from them, 

Unit Sfrenglh af Magnetic Pole. — The urut magnetic pole is 
one of inch a strength, that when placed at a distance ol 
ODE centimetre (in air) from a similar pole of equal 
strength, repels it with a force of one dyne (Art. I3j). 
itegnetit Potential. — Magnetic potential being measured 1^ 
werk done in moving a unit magnetic pole against the 
magnetic forces, the unit of magnetic poteriial will hr 
measured by the unit of work, the erg. 
Unit Differena of Magnetic Potential. — Ujik d 
magnetic potential exists between two poii 
requires the expenditure of one trg of work 
(N.-seeking) unit magnetic pole Irom one p 
other against the magnetic forces. 
Intendty of Magnetic Field is measured by the^ 

upon a unit magnetic pole : hence, 
UnU IntenHty o/FUld is Chat intensity of field 
on a miit (N. -seeking) pole with a force of 01 
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2SSS. Eleotronu^lDetio tTnita. — The pieceding magnetic 
niiiU give rise to the following set or electiicai units, in which 
the strength of currents, etc. , are expressed in magnttu measure. 
The relation of this "electruma^etic" set of units to the 
"electrostatic" set of units of Art 257 is explained in Art, 

365- 

Unit Strtngth tf Current. — -A current has unit strength when 
one centimetre length of its circuit bent into an aic of 
one centimetre radios (m as 10 be alwap one centim, 
awa; from the magnet-pole) exerts a force of one Ayae 
on a unit magnet-pole placed at the centre (Art. 196). 

Unit ef Quantity of EUctridly is that quantity which ii 
conveyed bf unit current in one second. 

Unit 0/ Difference ef PatenCial (or of Electrometiue-fBrce). 
Potential is work done on a unit of eleclridtf ; hence 
unit difference of polentittl exists between two points 
when it requires the expenditure of one erg of work to 
bring a unit of -f electricity from one pmnt lo the other 
agunst the electric force. 

Unit ef Resistance. — A conductor possesses unit resistance 
when unit difference of potential between its ends causes 
a current of unit strength (i.f. one unit of quantity per 
second) to flow through it. 

323. Piactioal Units— Several of the above "absolute" 
units would be inconveniently large and others inconveniently 
siuall for practical use. The following are therefore chosen 
instead, as electromagnetic units ;— 

Elecfrffiaotive-farce. — The Volt, = lo* absolute twits (being 

a little less than the E.M.F. of one Daniell's cell]. 
Resistanee. — The Ohm, = lo" absolute units of resistance 
(and theoretically the resistance represented by the velo- 
city of one earth-quadrant per second), (i^; Art. 364.) 
Current. — As a practical unit of current, that furnished by a 
potential of one veil though one ehm b taken, being 
10—^ of an absolute (electro-magnetic) unit of current, 
and is known as one Ampire (formerly one " weber "}. 
Quantity. — The Ooolomb, k 10—^ absolute units of quantity 

of the electromagnetic system. 
Capacity. — The Fuad, = 10-* (or one one - thousand- 
millionth) of absolute unit of capacity. 
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Seeing, however, that quantities a million limes as great as 
lome of these, and s mkUian times as sm^ as some, have to be 
measuied bjr electricians, the prelixes mega- and micro- are 
sometimes used to signify lespectively " one million " and " one- 
millionth part." Thus a mtgohm is a resistance of one million 
ohms, a microfamd a capacity of , ,„j,,, of a farad, etc 
The prefix milli- is frequently used foi "one- thousandth part ;" 
thus a miUi-ampiri is the ilioasandlh part of one ampire. 

This system of " practical " units was devised by a committee 
of the British Association, who also determined the value of the 
"ohm" by expeiiment, and constructed standard resistance 
coils of german-silver, called "B. A. Units" or "ohms." 
The " practical " system may be regarded as a system of units 
derived not from the fundamental units of ctiUimetrt, gramme, 
and ticffnd, but from a system in which, while the unit of time 
remains the second, the units of length and ma£s are respectively 
the eartli -quadrant and 10 — " gramme. 

324. DimenaionB of Ma^etic and Electromagnetic Units. 
— The fundamental idea of "dimensions" is explained in Art. 
358. A tittle consideration will enable Ihe student to deduce 
Ibr himself the following table — 





Units. 


Dimensions. 




{MagTKtic^ 








1 Strength of pole 

( Quantity of magnetism 




mIlIt-' 


"' 




V 


Magnetic Potential 


= work 4- strength of pole = 




H 


Intensity of Field 


= force -T- strength of pole = 




1 


Current (strength) 


1= intensity of tield m lengll 


"'''- ' 





Quandly 


= current x time 




V 
E 


Potential ) 
Electiomotive-Force ( 


= work -^ quantity 




R 




= E.M.F. ■¥ current 




C 


Capacity 


= quantity -^ potential 





CoDJjIc 
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NOTE ON MEASUREMENT OF EARTH'S MAGNETIC 
FORCE IN ABSOLUTE UNITS. 

326^ The intensEty of the earth's magnetic force at any place is 
the force with which a magnet-pole of unit slrength Is sttracled. 
As explained io Ait. 13S, it is usual to measure the horizont«] 
component H of this force, and from this and the cosine of the 
angle of <lip to calculate the total force I, as the diiecl deler- 
mination of the total force is surroimded with difficulties. To 
determine H b aim/ult (or C.G.S.} uniis, it is necessary to 
make two observations with a magnet of magnetic moment M ; 
(the magnetic moment being, as mentioned in Ait. 313, the 
product ol its length into the stiength of one of its poles). Irt 
one of these observations the product MH is determined by a 
Ktthed of escilUaiem ; in the Mcond the quotient j; is deter* 
mined by a particular melhod of defitclien. The square root of 
the quantity obtained by dividiiig the former by the latter will, 
:, give H. 



where K is the "momenl of inertia" of the magnet. This 
formula \a, however, only true fot very small tics A vibratioii. 
By simple algebra it follows that 



HM = ^ 



Of these quantities t is ascertained by a direct observation of 
the tune of oscillation of the magnet hung by a torsionleti fibre ; 
and K can be cither detemuned experimentally or by one of the 
following fonuulte : — 

For a round bar K = n, (— + — ), 

Fot « rectangular bar K = w ( iLi-^ ) . 
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its radius (if round), i its breadth, measured horiiontiilly (H 
rectangular). 

(ii.) Vilerniinatiim of -^. — Tiie magnet is next caused to 
deflect a small magnetic needle in the following manner, 
"broadside on." The magnet is laid horiiontally at r^t 
angles tn the magnetic meridian, and so that its middle point il 
(magnetically) due south or due north of the small needle, and 
al a distance r from its centre. Lying thus broadside to the 
small needle its N.-pole will repel, and its S,.pole attract, the 
N.-pole of the needle, and will exercise contrary actions on the 
S.-pole of the needle. The total action oT the magnet upon the 
needle will be to defect the latter through an angle 9, whose 
tangent is directly proportional to y^, and inversely propor- 
tional to the c«bt of the distance r ; or 
^ = >^ tan !. 
Dividing the lonner equation by Ihis, and taking the square root, 



" = 7 V -^rMSS^J. 



NOTE ON INDEX NOTATION. 

92Sb. Seeing that electricians have to deal with quantitiei 
requiring in some cases very large numbers, and in other cases 
very small numbers, to express them, a system of index m^atieti 
is adopted, in order to obviate the use of long rows of cyphers. 
In this system the significant figures only of a quantity are put 

down, the cyphers at the end, or (in the case -'- ' '' — ' — " 

at the beginning, being indicated by an ind 
Accordingly, we may write a thousand ( = 
10', and the quantity 42,030 may be wriltei 
Rritish National Debt of ^£7 70,000,000 may 
10^. Fractional quantities will have nega 
written as exponents. Thus yf, (= O'oi 
to = io~'. And BO the dedmal o'ocx>2 
j8 X io-» (being = aS x 'ooooi)- The o 
method will be seen by an example or t 
The elcctioctatic capacity of the earth is < 
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that or a sphere oF one cenlimetre radius, = 63 k iqI (electro- 
static) units. The magnetic moment of the earth is, according 
to Gauss, no less than S5,ooo,ooo,oixi,ooo,ooo,ooo,ooo,ooo 
times that of a magnet of unit strength and centim. length, i.ir. 
its magnetic moment is S5 x lo'' units. The resistance of 
selenium is about 40,000,000,000, or 4 x lo"* times as great as 
thai of copper ; that of air is ahoul lo^, or 

1 00,000,000,000,000, 000, 000, 000, ooo 
times as great. The velocity of light is about 30,000,000,00a 
centimetres per second, or 3 x lo*". As a final example we 
mar sta'c ^i the number of atoms in the universe, as far as 

the neareit fixed star, can be chown to be certainly fewer than 

T X loM 

Lesson XXVI. — Electromagnels. 

326. Electromaeneta. — In 1820, almost imtnedi- 
ately after Oerstedl's discovery of the action of the 
elearic current on a magnet needle, Arago and Davy 
independently discovered how to magnetise iron and 
steel by causing currents of electricity to circulate round 
them in spiral coils of wire. The method is shown in the 




simple diagram of Fig. 114, where a current from : 
single cell is passed through a spiral coil of wire, in thi 
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hollow of which is placed a. bar of iron or steel, which i; 
thereby magnetised. The separate turns of the coil 
must not touch one another or the central har, other- 
wise the current will take the shortest road open to it 
and will not traverse the whole of the coils. To pre- 
vent such short-circuiting by contact the wire of the coil 
should be overspun with silk or cotton (in the latter case 
insulation is improved by steeping the cotton covering in 
melted paraffin wax) or covered with a layer of gutta- 
percha. If the bar be of iron it will be a magnet only 
so long as the current flows ; and an iron bar thus sur- 
rounded with a coil of wire for the purpose of- magnetising 
it by an electric current is called an Eleotromafnet. 
Sturgeon, who gave this name, appMed the discoveries 
of Davy and Arago to the construction of electromagnets 
far more powerful than any magnets previously made. 
It was first shown by Henry that when electromagnets 
are required to work at distant end of a long line they 
must be wound with many turns of fine wire. 

By applying Amp&re's Rule (Art. 186), we can find 
which end of an electromagnet will be the N. -seeking 
pole ; for, imagining ourselves to be swimming in the 
current (Fig. 1 1 4), and to face towards the centre where 
the iron bar is, the N.-seeking pole will be on the left. 
It is convenient to remember this relation by the fol- 
lowing rules; — Li3oking at the S. -see king pole of an 
electromagnet, the magnetising currents are circulating 
round it in the same cyclic direction as the hands of a 
clock move; and, looking at , — ..^^ 
lh« N.-seeking pole of an ^^S^ 
electromagnet, the magnetis- ^EB 
ing currents are circulating ^^^^j 

round it in the opposite cyclic 

direction to that of the hands * 

of a clock. Fig. 115 shows this grap 
rules are true, no matter whether the h 
coils is at the end near the observer, o 



K,glc 
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end from him, i.e. whether the spira.1 be a right-handed 
screw, or (as in Fig. 114) a left-handed screw. It will 
be just the same thing, so far as the magnetising power 
is concerned, if the coils begin at one end and run to 
the other and back to where they began ; or they may 
begin half-way along the bar and run to one end and 
then back to the other : the one important thing to know 
is which way the current fiows round the bar when you 
look at it end-on. 

327. Oonstruotlon of Blectromajnets. — The 

most useful form of electromagnet is that in which the 

iron core is bent into the 

form of a horse-shoe, so that 

both poles may be applied 

this case it is usual to divide 

the coils into two parts wound 

, on bobbins, as in Figs. 116 

' aDdii7. The electromagnet 

depicted in Fig. 117 is of a 

form adapted for laboratory 

experiments, and has mov- 

^* "*■ able coils which are slipped 

on over the iron cores. A special form of electromagnet 

devised by RuhmkorfF for experiments on diamagnetism 

is shown in Fig. 127. The great usefulness of the 

electromagnet in its application to electric bells and 

telegraphic instruments lies in the fact that its tttagnei- 

ism is under the control of the current; when circuit is 

" made " it becomes a magnet, when circuit is " broken " 

it ceases to act as a magnet. 

Many special forms of electromagnet have been de- 
vised for special purposes. To give a very powerftil 
attraction at very short distances, a short cylindrical 
electromagnet surrounded by an outer iron tube, united 
at tha bottom by iron to the iron core, is found best 
To give a gentle pull over a long range a solenoid (Art. 
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329), having a long movable iron core is used. For 
giving a very quick-acting magnet the coils should not 
be wound all along the iron, but only round the poles. 
As a rule the iron parts, including the yoke and arma- 



ture, should form as nearly as possible a closed magnetic 
circuit. The cross- sections of yokes should be thicker 
than those of the cores. 

328. Lifting-power of Electromagnets.— The 
lifting-power of an electromagnet depends not only on its 
"magnetic strength," but also upon its form, and on the 
shape of its poles, and on the form of the sofi iron 
armature which it attracts. It should be so arranged 
that as many lines offeree as possible should run through 
!, and the armature itself should contain a 
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sufficient mass of iron. Joule designed a powerful electro- 
magnet, capable of supporting over a ton. The maximum 
attraction he could produce between an electromagnet 
and its armature was 200 lbs. per square inch, or about 
13,800,000 dynes per square centimetre. Bidweil has 
found the attraction to go up to 226'3 lbs. per square 
inch when the wrought iron core was saturated up to 
19,820 magnetic lines to the square centimetre. It can 
be shown that, when the iron is far from saturation, the 
attraction of an armature of soft iron is proportional 
to the square of the "magnetic strength " of the electro- 
magnet j for, suppose an electromagnet 10 have its strength 
doubled, it will induce Ihe opposite kind of magnetisa- 
tion twice as strongly as before in the iron armature, 
and the resulting force (which is proportional to the 
product of the two strengths) will be four times as great 
as at first. 

329. Solenoid. — Without any central bar of iron or 
steel a spiral coil of wire traversed by a current acts as 
an electromagnet (though not so powerfully as when an 
iron core is placed in it). Such a coil is sometimes 
termed a solenoid. A solenoid has two poles and a 
neutral equatorial 
region. Ampere 
found that it will 
attract magnets and 
beattracted by mag- 
nets. It will attract 
another solenoid; it 
has a magnetic field 
resembling gene- 
rally that of a bar 
magnet. If so arranged that it can turn round a vertical 
axis, it will set itself in a North and South direction 
along the magnetic meridian. Fig. 1 1 8 shows a solenoid 
arranged with pivots, by which it can be suspended to a 
"table," like that shown in Fig. 121. 
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Reference to Fig. 86 and to Art. 192 will recall how 
a single loop of a. circuit acts as a magnetic shell of 
equivalent fomi and strength. A solenoid may be re- 
garded as made up of a series of such magnetic shells 
placed upon one another, all their N. -seeking faces being 
turned the same way. Since the same quantity of 
electricity flows round each loop of the spiral coil the 
loops will be of equal magnetic strength, and the total 
magnetic strength of the solenoid will be just in propor- 
tion to the number of turns in the coil ; and if there be 
« turns, the number of magnetic lines of force running 
through the solenoid will be n times as great as the 
number due to one single turn. The use of the iron 
core is by its greater magnetic induction to concentrate 
and increase the available number of lines of force at 
definite poles. The student has been told (Art. 191) 
that the lines of force due to a current flowing in a wire 
are closed curves, approximately circles (see Fig. 85), 
round the wire. If there were no iron core many of 
these little circular lines of force would simply remain as 
small closed curves around their own wire i but, since 
iron has a high coefficient of magnetic induction, where 
the wire passes near an iron core the lines of force alter 
their shape, and instead of being little circles around the 
separate wires, run through the iron core from end lo 
end, and round outside from one pole back to the 
other, as in a stee! magnet. Kfcw of the lines offeree 
do this when there is no iron ; almost all of them do this 
when there is iron. Hence the electromagnet with its 
iron core has enormously stronger poles than the spiral 
coils of the circuit would have alone. 

In a long straight solenoid without a: 
easy to calculate approximately the intei 
netic field produced by the current, 
seen in Art. 319, the work done on a un 
in moving it (against the magnetic fore 
which threads through the circuit n limes 
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ergs, where the current i is expressed in absolute units 
(Art. 196). But since the work done on a unit pole 
measures the magnetic potential (Art. 310), we may say 
that the difference of magnetic potential between one 
end and the other of the long solenoid is equal to t^ttm. 
But when the magnetic potential changes as you go 
along a line, the rate of change of potential per unit of 
length is a measure of the magnetic force (Art. 310, f). 
If / be the length of the solenoid in centimetres then 
4irni -i- / will be the intensity of the magnetic force in- 
side the solenoid. And since the intensity of the mag- 
netic force is the same thing as the intensity of the 
magnetic field at that point, we may say that this num- 
ber represents the number of lines of magnetic force per 
square centimetre of the cross-section of the solenoid. 
If H stands for the intensity of the field thus produced 
inside the solenoid, and if the radius of the spirals be r, 
and the whole number of magnetic lines N running 
through the solenoid fi-om end to end will be equal 
H X T^. Hence we have^ 

H (inside solenoid) = i^, 
N (through solenoid) = irr* x ^-j- ; 

and since (see Art. 312) 4ir magnetic lines go to one 
unit of magnetism, the solenoid will act as if it bad at 
its ends as the amount of magnetism m in its poles — 



If the current is expressed in amperes — for which 
we may use the letter C — we must remember that ten 
amperes equal one absolute unit (Art. 196), and there- 
fore C -r 10 = I. The formula will then become — 
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fn = ^—r Cn. 
\ol 

It will be noticed that for any solenoid of given length 
and radius the three magnetic quantities H (interior 
magnetic force), N (total magnetic lines), and m (strength 
of poles) are proportional to the amfih-es of current and 
to the number of turns in the coil. The product C« 
which thus comes into all solenoid formulae is often 
referred to as the number of ampire-tums. 

330. The Laws of the Electroma^piet. — The 
exact laws governing the electromagnet are somewhat 
complicated ; but it is easy to give certain rules which 
are approximately true. The current circulating in the 
coils exercises a magnetising force, and this magnetising 
force produces in the iron core a certain amount of 
magnetism. But the amount of magnetism produced 
in the core depends on many other things beside the 
intensity of the magnetising force ; for instance, it de- 
pends on the 
quality of the 




electromagnet 

shows the same general set of 
exciting currents there is little mi 
larger exciting power there is mt 
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with very great exciting power the iron becomes practi- 
cally saturated and will take up very little additional 
magnetism. The curve given in Fig. 1 1 8 (/>is) is char- 
acteristic of the relation between exciting power and the 
resulting magnetism. The numbers of ampSres of cur- 
rent C (or, if preferred, the number of amp4re-tums Cfi) 
are plotted out horizontally to scale, and the correspond- 
ing amount of magnetism m vertically. For example, 
when the exciting current has the value indicated to scale 
by the length of the line OQ, the amount of magnetism 
was found to be such, on its scale, as to be represented 
by the length QP. The point P is a point on the curve. 
It begins at O, no magnetism when there is no current ; 
then it rises steeply and obliquely for some time, then 
bends over and at S becomes nearly horizontal, the iron 
being nearly saturated. The dotted curve corresponds 
to the values of magnetism found when the exciting 
current is gradually decreased. It will be noted that 
when the current is reduced to zero there is stitl some 
magnetism left. Many attempts have been made 
to represent by algebraic formulje the facts that are 
thus graphically exhibited. Some of these deserve 



Formula of Lenz and Jacobi. — According to Leni 
and Jacobi the magrutism of an tlectromagnei is pro- 
portional to the current and to the number of turns of 
■wire in the coil — in other words, is proportional to the 
ampire-tums. Or in sylnbols — 

where a is a constant depending on the quantity, quality, 
and form of iron. This rule is, however, only true 
when the iron core is still far from being " saturated," 
If the iron is already strongly magnetised — as at P in 
the Fig. — a current twice as strong will not double the 
magnetisation in the iron. Joule in 1S47 showed this 
tendency to depart from a simple proportion. 
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Formula of Miiller. — Miiller gave the following 
approximate rule: — The strength of an eleclrojnagnet 
is proportional to the angle -whose tangent is the stren0h 
of the magnetising current; or 

m = X tan-i C, 

where C is the magnetising current, and A a constant 
depending on the construction of the particular magnet. 
If the student will look at Fig. 90 and imagine the 
divisions of the horizontal tangent line OT to represent 
strengths of current, and the number of degrees of arc 
intercepted by the oblique lines to represent strengths 
of magnetism, he will see that even if OT be made in- 
finitely long, the intercepted angle can never exceed go°. 
Formula of Lamont and Frblich. — A simpler ex- 
pression, and one more easy for algebraic calculation 
has lately come into use, and forms the basis of Frolich's 
calculations about dynamo-electric machines. We may 
write it thus : — 

« = M - , 

where M and b are constants depending on the form, 
quality^ and quantity of the iron, and on the winding of 
the coil. The constant b is the reci] 
of amp^s which would make m & 
a of magnetism. Another 



wherein B is a constant depending 
and the quality of the iron, and o- 
small fraction) depending on the qt 
the iron, and equal to the reciproc 
amp6re-tums which would bring tl: 
half-saturation. 

Yet another form of this equatioi 
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the number of magnetic lines N proceeding from the 
pole of the electromagnet — 



where Y represents the maximum number of magnetic 
lines that there would be if the magnetising current 
were indefinitely increased and the iron core saturated, 
and C stands for that number of amperes which would 
bring the magnetism up to half-saturation. 

Hopkinson's Formula. — Hopkinson has shown that it 
is possible to calculate N by a process resembling the 
calculations made according to Ohm's law for electric 
circuits. We may look upon the iron cores and the 
armature of an electromagnet as constituting, together 
with the spaces between, a sort of magnetic circuit 
traversed by the magnetic lines. Just as we can cal- 
culate in an electric circuit the amount of current when 
we know the electromotive-force and the electric resist- 
ance round the circuit, so in a magnetic circuit we can 
calculate N if we know the magnetomotive-force (or 
the line-integral of the magnetising forces acting round 
the circuit) and the several resistances of the different 
parts of the circuit. Now the magnetomotive -force is 
equal to (see Arts. 319, d, and 329) 4irCn ^ 10. The 
magnetic resistance of any magnetic conductor is pro- 
portional to its length, and inversely proportional to its 
sectional area and to its permeability. ' Suppose then 
we have a magnetic circuit made up of tlirce parts — a 
curved iron core of length /j, section Sj, and permeability 
|Uj ; an armature of length /^, section s^, and ptermeabiiity 
(ig ; tvvo air-gaps between them, of length (from iron to 
iron) of /g, section (equal to area of polar surface) s^ 
and of unit permeability (for air, /i = i) ; then the re. 
s of these three parts will be respectively 
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Then dividing the magnetomoiive-force by the total 
magnetic n 



"iA 



giving the number of magnetic lines of the magnet in 
terms of the amp6rc-tums of excitation. It is necessary, 
however, to know the values of fi of the various pieces 
.of iron at the various stages of excitation. Hopkinson 
has applied this fonnula with great success in calcula- 
tions about dynamo-electric machines. Analogous for- 
mula have been used by Rowland and by Kapp. 

It may be noted that when electromagnets are wound 
with many turns of fine wire, these coils will add to the 
electric resistance of the circuit, and will tend to diminish 
the current. This has an important bearing on the 
construction of telegraphic and other instruments i for 
while electromagnets with " long coils," consisting of 
many turns of fine wire, must be used on long circuits 
where there is great resistance, such an instrument 
would be of no service in a circuit of very small resist- 
ance, for the resistance of a long thin coil would be 
disproportionately great : here a short coil of few turas 
of stout wire would be appropriate. (See Art. 352.) 

As the magnetism of the magnet depends on the 
number of amp^re-tums, it should make no matter 
whether the coils are bigger than the core or whether 
they enwrap it quite closely. If there were no magnetic 
leakage this would be true in one sense : but it wastes 
more battery power to drive the current round coils of 
latter diameter, because of the greater resistance of the 
greater length of wire. Hence in well- constructed 
electromagnets the coils are all wound as closely to the 
iron core as is consistent with good insulation. Also 
the iron is chosen as thick as possible, as permeable as 
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possible, and fonning as compact a magnetic circuit as 
possible, so that the magnetic resistance may be reduced 
to its utmost, giving the greatest amount of ma.gnetisin 
for the number of ampJre-tums of excitation. This is 
why horse-shoe-sbaped electromagnets are more powerful 
than straight electrom^nets of equal weight. 

It requires time to magnetise an iron core. This is 
partly due to the fact that a current, when the circuit is 
first made, does not instantly attain its full strength, 
being retarded by the self-induced counter-electromotive- 
force (Art. 404); it b partly due to the presence of- 
transient reverse induction currents (Art 393) in the 
iron itself. Faraday's large electromagnet at the Royal 
Institution takes about two seconds to attain its maxi. 
mum strength. The electromagnets of lai^ dynamo 
machines often take ten minutes or more to rise to their 
working stage of magnetisation. 



LESSON XXVU.—EUdrodyHamia. 

38L Bleotrodynamica — In i8zi, almost immedi- 
ately after Oerstedt's discovery of the action of a current 
on a magnet, Amp^e discovered that a current acts 
Upon another current, attracting it' or repelling it 
according to certain definite laws. These actions he 
investigated by experiment, and from the experiments 
he built up a theory of the force exerted by one current 
on another. That part of the science which is con- 
cerned with the force which one current exerts upon 
another he termed BleotrodTnamlca. 

332. LawB of Parallel and Oblique Oironita — 
The following are the laws discovered by AmpSre ; — 
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(i.) Two parallel portions of a circuit attract one 
another if the currents in them are flowing in Ike same 
direction, and repel one another if the currents flow in 
opposite directions. 

This law is true whether the parallel wires be parts 

of two different circuits or parts of the same 

circuit. The separate turns of a spiral coil, like 

Fig. 1 18, for example, when traversed by a 

current attract one another because the current 

moves In the same direction in adjacent parts of 

the circuit ; such a coil, therefore, shortens when 

a current is sent through it. 

(ii.) T-wo portions of circuits crossing one another 

obliquely attract one another if both the currents run 

either towards or from the point of crossing, and repel 

one another if one runs to and the other from that 

Fig. 119 gives three cases of attraction and two of 
repulsion that occur in these laws, 
(iii.) When an element of a circuit exerts a force on 
another element 
of a circuit, that 
force always 
tends to urge the 
loiter in a direc- 
tion at right 
angles to its own 
direction. Thus, 
in the case of two 

parallel circuits, - ., -^ — 

the force of at- 

sion acts at right- 
angles to the currents themselves. 
An example of laws ii. and 
case shown in Fig. 120. 
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and cd are movable round O as a centre. There 
will be repulsion between a and d and between c 




while 



the 



■, by saying that v. 



\ other quadrants there 
will be eUtraction, a 
, attracting c, and b at- 

■■ j tracting d. 

•i The foregoing laws 

may be summed up in 
portions of circuits, how- 
ever situated, experience a mutual force tending 
to set them so that their currents flow as nearly 
in the same path as possible, 
(iv.) The force exerted bet-ween two parallel portions 
of circuits is proportional to the product of the strengths 
of the two currents, to the length of the portions, and 
inversely proportional to the distance between them. 

333. Ampere's Table. — In order to observe these 



attractions and repulsions, AmpSre devised the piece of 
apparatus known as Ampire's Table, shown in Fig. 121, 



CHAP, v.] ELECTRICITY AND MAGNETISM. 301 

consisting of a double supporting stand, upon which 
conductors formed of wise, shaped in different ways, can 
be hung in such a way as to be capable of rotation. 
In the ^gure a simple loop is shown as hung upon the 
supports. The ends of the wires of the movable 
portion dip into two mercury cups so as to ensure good 
contact. The solenoid. Fig. i iS, is intended to be hung 
upon the same stand. 

By the aid of this piece of apparatus Ampfere further 
demonstrated the following points : — 

(a) A circuit doubled back upon itself, so that the 
current flows back along a path close toitself, 
exerts no force upon eMemal points, 
(i) A circuit bent into zig-iags or sinuosities, pro- 
duces the same magnetic effects on a neigh- 
bouring piece of circuit as if it were straight. 
(c) There is in no case any force tending to move a 

conductor in the direction of its own length. 

(if) The force between two conductors of any form is 

the same, whatever the linear size of the system, 

provided the distances be increased in the same 

proportion, and that the currents remain the 

same in strength. 

The particular case, given in Fig. 122, will show the 

value of these experiments. Let AB and CD represent 

two wires carrying currents, lying neither parallel nor in 

the same plane. It follows from (*), that if we replace 

the ptortion PQ by the crooked wire P"''" -■-- ' 

will remain the same. The portion PR 
cally downwards, and, as it can, by (c). 
force in the direction of its length, tl 
neither be attracted nor repelled by CD, 
RS the current runs at right angles to 
portion is neither attracted nor repelled t 
portion SQ the current runs parallel to 
same direction, and will therefore be i 
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wards. On the whole, therefore, PQ will be urged to- 
wards CD. The portions PR and RS will experience 
forces of rotation however, P being urged round R as a 




parallel with CD. 

334. Ampere's Theory. — From the four preceding 
experimental data, Amp^e built up an elaborate mathe- 
matical theory, assuming thai, in the case of these forces 
acting apparently at a distance across empty space, the 
action took place in straight tines between two pioints, 
the total attraction being calculated as the sum of the 
separate attractions on all the different parts. The 
researches of Faraday have, however, led to other views, 
and we now regard the mutual attractions and repulsions 
of currents as being due to actions taking place in the 
medium which fills the space around and between the 
conductors. That space we regard rather as being full 
of curving " lines of force." Every wire carrying a 
current has a magnetic field, like that of Fig. 85, sur- 
rounding it ; and every closed circuit acts as a magnetic 
shell. Hence all these electrodynamic actions are 
capable of being regarded as magnetic actions, and they 
can be predicted beforehand for any particular case on 
that supposition Thus, the author of these Lessons 
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has shown' that in the case of two parallel concurrent 
circuits the " lines of force " due to the two systems 
run into one another, embracing both circuits, while in 
the case of two parallel and non-concurrent circuits the 
" lines of force " due to the two currents indicate mutual 
repulsion. The theory of Maxwell, that a voltaic circuit 
acts like a magnetic shell (a direct deduction from Fara- 
day's work), is in practice a more fruitful conception than 
that of Ampere. On Maxwell's theory two circuits will 
tend, like two magnetic shells, to move so as to include 
as many of one another's " lines of force " as possible 
(Art. 193 and 320). This will be the case when they 
coincide as nearly as possible ; i.e., when the two wires 
are parallel in every part, and when the currents run 
round in the same direction. In fact, all the electro- 
dynamic laws of parallel and oblique circuits can be 
deduced from Maxwell's theory in the simplest manner. 
An interesting experiment, showing an apparent 
mutual self-repulsion between contiguous portions of the 
circuit, was devised by Ampfere. A trough divided by 
a partition into two parts, and made of non-conducting 
materials, is filled with mercury. Upon it floats a 



metalli 
in Fig. 
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Y, the floating bridge is observed to move so as to 
increase the length of the circuit. But Maxwell has 
shown that the true explanation depends upon the self- 
induction (Art. 404) of the two parallel portions of the 
floating conductor, and that the force would be diminished 
indefinitely if the two parallel parts could be made to 
lie quite close to one another. 

335. Eleotromaenetio Hotationa — Continuous 
rotation can be produced between a magnet and a 
circuit, or between two parts of one circuit, provided 
that one part of the circuit can move while another part 
remains fixed, or that the current in one part can be 
reversed. The latter device is adopted in the construc- 
tion of the electromagnetic engines described in Art. 37 5 ; 
the former alternative is applied in a good many interest- 
ing pieces of apparatus for showing rotations, a sliding- 
contact being made between one part of the circuit and 
another. Several different forms of rotation-apparatus 
were devised by Faraday and by Amp6re. One of the 
simplest of these is shown in Fig. 124, in which a 



current rising through a and passing through the lightly 
pivoted wire b b' in either direction, passes down into 
a circular trough containing mercury. The trough is 
made of copper, and is connected with a wire which is 
also wound in a coil round the outside of the trough, 
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and which forms part of the circuit. The arrows show 
the direction of the currents. The currents In the 
circular coils constitute a magnetic shell, whose N.-seek- 
ing fece is uppermost. The lines of force due to this 
shell therefore run vertically in an upward direction. 
According to the converse to AmpSre's Rule (Art. 186), 
a man swimming in one of the homoatal branches 
from the centre a outwards, and looking along the lines 
of force, i.e. turned on to his back, so as to look upwards, 
will be carried, along with the conductor, toward his left 
hand. And the pivoted conductor as seen from above 
will rotate continuously in the same sense as the hands 
of a clock around the centre a. A pole of a magnet 
can also be made to rotate round a current; and if a 
vertical magnet be pivoted so as to turn around its 
own axis it will rotate when a current is led into its 
middle region and out at either end. If the current is 
led in at one end and out at the other there will be no 
rotation, since the two poles will thus be urged to rotate 
in opposite ways, which is impossible. Liquid con- 
ductors too can exhibit electromagnetic rotations. Let a 
cylindrical metallic vessel connected to one pole of a 
battery be filled with mercury or dilute acid, and let 
a wire from the other pole dip into its middle, so that 
a current may flow radially from the centre to the 
circumference, or vice versa; then, if this be placed 
upon the pole of a powerful magnet, or if a magnet 
be held vertically over it, the liquid may be seen to 

386. Hleotrodynamometer. — Weber devised an 
instrument known as an electrodynamometer for measur- 
mg the strength of currents by means of the electro- 
dynamic action ofonepart of the circuit upon another part. 
It iS'in fact a sort of galvanometer, in which, instead of 
a needle, there is a small coil suspended. One form of 
this instrument, in which both the large outer and small 
inner coils consist of two piarallel coils of many turns, is 
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shown in Fig. 125. The inner coil CD is suspended with 

its axis at right angles to that of the outer coiis AA, BB, 

and is supported bifilarly (see Art. 118) by two fine 

metal wires. If 

round both coils in 
either direction the 
inner bobbin tends 

coils parallel to 
the outer coils ; 
the sine of the 
angle through 
which the sus- 
pending wires are 
twisted being pro- 
portional to the 
I square of the 
strength of the cur- 
rent. The chief 
advantage of this 
instrument over a 
galvanometer is, 
that it may be used for induction-currents in which there 
are very rapid alternations,— a current in one direction 
being followed by a reverse current, perhaps thousands of 
limes in a minute. Such currents hardly affect a galvano- 
meter needle at all, because of the slowness of its swing. 
Siemens employs an electrodynamometer with coils 
made of very thick wire for the absolute i 
of strong currents, such as are used ii 
electric light. It is possible also to use 
dynamometer as a "Power-meter" to 1 
electric horse power evolved by a battery or constuned 
in an electric lamp or machine. In this case the whole 
current is sent through a fixed coil of thick wire, while 
the movable coil, made of many turns of thin wire, IS 
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connected as a shunt across the terminals of the lamp 
or machine being thus traversed by a current proportional 
to the difference of potential between those points {see 
Art. 360 d). The sine of the angle of deflection will 
be proportional to the product of the two currents, and 
therefore, to the product of the whole current into the 
difference of potential (see Art. 378 ^s). 

337. Electrotnagnetio AotionB of Oonveotion 
Currents. — According to Faraday a stream of particles 
charged with electricity acts magnetically like a true 
conduction-cunent. This was first proved in 1S76 by 
Rowland, who found a charged disc rotated rapidly to 
act upon a magnet as a feeble circular current would do. 
Convection currents, consisting of streams of electrified 
particles, are also acted upon by magnets. The con- 
vective discharges in vacuum-tubes (Art 292) can be 
drawn aside by a magnet, or caused to rotate around 
a m^net-pole. The " brush " discharge when taking 
place in a strong magnetic field is twisted. The voltaic 
arc (Art. 371) also behaves like a flexible conductor, 
and can be attracted or repelled by a magnet. Two 
stationary positively electrified particles repel one 
another, but two parallel currents attract one another 
(Art. 332), and if electrified particles flowing along act 
like currents, there should be an (electromagnetic) attrac- 
tion between two electrified particles moving along 
side by side through space. According to Maxwell's 
theory (Art. 390) the electrostatic repulsion will be just 
equal to the electromagnetic attraction when the narticles 
move with a velocity equal to the vel 

Quite recently Hall has discov 
powerful magnet is made to act upo 
along in a strip of very thin metal 
lines are no longer at right-angles to 
the current In the strip. This aci 
connected with the magnetic rotatioi 
(Art 387), the co-efBcient of this t 
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the magnetic field on the current being feebly + in gold, 
stroDgly + in bismuth, and - in iron, and immensely 
strong negatively in tellurium. It was shown by the 
author, and about the same time by Righi, that those 
metals which manifest the Hall effect undergo a change 
in their electric resistance when placed in the magnetic 
field. 

338. Ampere's Theory of MEL?netlsm. — Am- 
pere, finding that solenoids (such as Fig. ii8) act pre- 
cisely as magnets, conceived that all magnets are simply 
collections of currents, or that, around every individu^ 
molecule of a magnet an electric current is ceaselessly 
circulating. We know that such currents could not 
flow perpetually if there were any resistance to them, 
and we know that there is resistance when electricity 
flows from one molecule to another. As we know 
nothing about the interior of molecules themselves, we 
cannot assert that Ampere's supposition is impossible. 
Since a whirlpool of electricity acts like a magnet, 
there seems indeed reason to think that magnets may 
be merely made up of rotating portions of electrified 
matter. 
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Lesson XXVlll.—Diamagneiim 



339. DiEunaenetio Experimenta — In 1:778 
Bragmans of Leyden observed that when a lump of 
bismuth was held near either pole of a magnet needle it 
repelled it. In 1827 Le Baillif and Becquerel observed 
that the metal antimoDy also could repel and be repelled 
by the pole of a magnet. In 1845 Faraday, using power- 
ful electromagnets, examined the magnetic properties 
of a large number of substances, and found that whilst 3. 
great many are, like iron, attracted to a magnet, others 
are feebly repelled. To distinguish between these two 
classes of bodies, he termed those which are attracted 
paramaenetic,^ and those which are repelled diame^r- 
netia The property of being thus repelled from a magnet 
be termed diamafQetlsin. 

Faraday's method of experiment consisted in stispend- 
ing a small bar of the substance in a powerful magnetic 
field between the two poles of 
an electromagnet, and observing 
whether the small bar was at- 
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The following are the principal substances examined 
by tbe method : — 



■ Pa»«agnetio. 


Diamagnetio. 


Iron 


Bismuth. 


Nickel. 


Phosphorus 


Cobalt. 


Antimony. 




Zinc. 


Chromium. 


Mercury. 


Cerium. 


Lead. 


Titanium, 


Silver. 


Platinum.' 


Copper. 


Many ores and salts 


Gold. 


containing the 


Water. 




Alcohol 


Oxygen gas. 


Tellurium. 




Selenium. 




Sulphur. 




TholUum. 




Hydrc^en gas. 




Air. 
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Liquids were placed in glass vessels and suspended 
between the poles of the electromagnet. Almost all 
liquids are diamagnetic, except solutions of salts of the 
magnetic metals, some of which are feebly magnetic ; 
but blood is diamagnetic; though it contains iron. To 
examine gases bubbles are blown with them, and watched 
as to whether they were drawn into or pushed out of 
the field. Oxygen gas was found to be magnetic ; ozone 
has recently been found to be still more strongly so. 

340. Quantitative Beeults. — The diamagnetic 
properties of substances may be numerically expressed 
in terms of their susceptibility or their permeability 
(Art. 313). For diamagnetic bodies the susceptibility k 
is negative, and therefore the permeability (fi = i + 4xi) 
is less than unity. For bismuth the value of k is 

— 0-0000025 according to Maxwell. The repulsion of 
bismuth is immensely feebler than the attraction of iron. 
Plucker compared the magnetic powers of equal weights 
of substances, and reckoning that of iron as one million, 
he found the following values for the " specific mag- 
netism " of bodies ; — ■ 

Lodeslone Ore + 402,270 

Ferric Sulphate + 1,110 

Ferrose Sulphate + 780 

Water _ 7-8 

Bismuth 

341. Apparent Diatnagnet 
rounding Medlunx^It is found 
bodies behave as if they were d 
pended in a more highly magnetic 
tube filled with a weak solution of 
suspended in air between the pole 
points axially, or is paramagneti 
rounded by a stronger (and then 
solution of the same substance, it p 
is apparently repelled like diamagr 
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the equatorial pointing of a body proves then is, that it is 
less magnetic than the medium that fills the surrounding 
space. A balloon, though it possesses mass and weight, 
rises through the air in obedience to the law of gravity, 
because the medium surrounding it is more attracted 
than it is. But it is found that diamagnetic repulsion 
takes place even in a vacuum : hence it would appear 
that space itself is more magnetic than the substances 
classed as diamagnetic. 

342. Diamagnetic Polarity, — At one lime Faraday 
thought thai diamagnetic reptilsion could be explained 
on the supposition that there existed a " diamagnetic 
polarity " the reverse of the ordinary magnetic polarity. 
According to this view, which, however, Faraday him- 
self quite abandoned, a magnet, when its N. pole is pre- 
sented to the end of a bar of bismuth, induces in that 
end a N. pole (the reverse of what it would induce in a 
bar of iron or other magnetic metal), and therefore repels 
it. Weber adopted this view, and Tyndall warmly 
advocated it, especially after discovering that the repel- 
ling diamagnetic force varies as the square ai the 
magnetic power employed, a law which is the counter- 
part of the law (Art. 328) of attraction due to induction. 
Many expieriments have been made to establish this 
view ; and some have even imagined that when a 
diamagnetic bar lies equatorially across a field of force, 
its east and west poles possess different properties. The 
experiments named in the preceding paragraph suggest, 
however, an explanation less difficult to reconcile with 
the facts. There can be no doubt that the phenomenon 
is due to magnetic induction : and it has been pointed 
out (Art. 89) that the amount of induction which goes 
on in a medium depends upon the magnetic inductive 
capacity (or "permeability") of that medium. Now, 
permeability expresses the number of magnetic lines 
induced in the medium for every line of magnetising force 

' Or, foaOAy, the " alher " filling all space. 
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applied. A 
containing a 

of magnetic lines through it. If, however, the space con- 
sidered were occupied by bismuth, the same magnetising- 
force would induce in the hjsmuih /ewer "lines of induc- 
tion " than in vacuum. Butthose lineswhich were induced 
would still run in the same general direction as in the 
vacuum ; not in the opposite direction^ as Weber and 
Tyndall maintain. The result of there being a less in- 
duction through diamagnetic substances can be shown 
to be that such substances will be urged from places 
where the magnetic force is strong, to places where it is 
weaker. This is why a ball of iDismuth moves away 
from a magnet, and why a little bar of bismuth between 
the conical poles of the electro-magnet (Fig. 127) turns 
equatorially so as to put its ends into the regions thai 
are magnetically weaker. There is no reason to doubt 
that in a magnetic field of uniforjn strength a bar of 
bismuth would point along the lines of induction. 

343. Ma^ne - Orystallio AotioD. — In 1S22 
Poisson predicted that a body possessing crystalline 
structure would, if magnetic at all, have different 
magnetic powers in different directions. In 1847 
Pliicker discovered that a piece of tourmaline, which 
is itself feebly paramagnetic, behaved as a diamagnetic 
body, when so hung that the axis of the crystal was 
horizontal. Faraday, repeating the experiment with a 
crystal of bismuth, found that it tended to point with 
its axis of crystallisation along the lines of the field 
axially. The magnetic force acting thu 
by virtue of their possessing a certai 
named magne-crystallic force. Pliicker 
connect the magne-crystallic behaviour ■ 
their optical behaviour, giving the follow 
will be either repulsion or attraction ol 
(or, in the case of bi-axial crystals, of i 
by the poles of a magnet ; and if ti 
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" negative " one {i.e. optically negative, having an extra- 
ordinary index of refraction less than its ordinary index), 
there will be repulsion, if a " positive " one, there will 
be attraction. Tyndall has endeavoured to show that 
[his law is insufficient in not taking into account the 
paramagnetic or diamagnetic powers of the substance as 
a whole. He finds that the magne-crystallic axis of 
bodies is in general an axis of greatest density, and that 
if the mass itself be paramagtietic this axis ■will point 
axially; if diofnagnetic, equatorially. In bodies which, 
like slate and many crystals, possess cleavage, the planes 
of cleavage are usually at right angles to the magne- 
crystallic axis, 

344. Diamasnetlsm of Flames. — In 1S47 Ban- 
calari discovered that flames are repelled from the axial 
line joining the poles of an electromagnet, Faraday 
showed that all kinds of flames, as well as ascending 
streams of hot air and of smoke, are acted on by the 
magnet and tend to move from places where the mag- 
netic forces are strong to those where they are weaker. 
Gases (except oxygen and ozone), and hot gases especi- 
ally, are feebly diamagnetic. But the active repulsion 
and turning aside of flames may possibly be in part 
due to an electromagnetic action like that which the 
magnet exercises on the convection-current of the voltaic 
arc and on other convection-currents. The electric pro- 
perties of flame are mentioned in Arts. 7 and 291, 
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CHAPTER VI. 

r OF CURRENTS, ETC, 

Lesson XXIX, — Ohm's Law and its Consequences. 

346. In Art. i8o the important law of Ohm was 
stated in the following terms: — TTie strength of the 
current varies directly as the electromotive -force, and in- 
versely as the {total) resistance of the circuit. 

Using the units adopted by practical electricians, and 
explained in Ait. 323, we may now restate Ohm's law in 
the following definite manner ; — The number of ampires 
of current fOranng through a circuit is equal to the number 
of volts of electromotive-force divided by the number of 
ohms of resistance in the entire circuit. Or, 

Current = r^^^^^'"''^. 

In practice, however, the matter is not quite so simple, 
for if a number of cells are used and the circuit be made 
up of a number of different parts through all of which 
the current must How, we have to take into accotmt not 
only the electromotive-forces of the cells, but their resist- 
tances, and the resistance of all the parts of the circuit. 
For example, the current may flow from the zinc plate of 
the first cell through the liquid to the copper (or carbon) 



.;Il 



joS ELEMENTARY LESSONS ON [cbaf. ti 

plate, then through a connectiag wire or screw to the next 
cell, through its liquid, through the connecting screws and 
liquids of the rest of the cells, then through a wire to a 
galvanometer, then through the coils of the galvanometer, 
then perhaps through an electrolytic cell, and finally 
through a return wire to the line pole of the battery. In 
thiscase there areanumber of separate electromotive-forces 
all tending to produce a flow, and a number of dilTerenl 
resistances, each impeding the. flow and adding to the 
total resistance. If in such a case we knew the separate 
values of all the different electromotive-forces and all the 
different resistances we could calculate what the current 
would be, for it would have the value, 



/ + /' + /" -I- ("H 



Total electromotive- force 
^ Total" 



If any one of the cells were set wrong way round its 
electromotive-force would oppose that of the other cells ; 
an opposing electromotive-force must therefore be sub- 
tracted, or reckoned as negative in the algebraic sum. 
The "polarisation" (Arts. 163 and 413) which occurs 
in battery cells and in electrolytic cells after working for 
some time is an opposing electromotive -force, and 
diminishes the total of the electromotive -forces in the 
circuit. So, also, the induced back-current which is set 
up when a current from a battery drives a magneto- 
electric engine (Art. 377) reduces the strength of the 
working current. 

346. Oonduotlvlty and Beeistanoa — The term 
oonduotlvity is sometimes used as the inverse of 
resistance ; and the reciprocal - represents the con- 
ductivity of a conductor whose resistance is r ohms. Id 
practice, however, it is more usual to speak of the 
resislancet of conductors than of their conductivities. 
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847. Laws of Reelstanoe.— Resistances in a cir- 
cuit may be of two kinds — -first, the resistances of the 
conductors themselves ; second, the resistances due to 
imperfect contact at points. The latter kind of resistance 
is affected by pressure, for when the surfaces of two 
conductors are brought into more intimate contact with 
one another, the current passes more freely from one 
conductor to the other. The contact-resistance of two 
copper conductors may vary from infinity down to a 
small fraction of an ohm, according to the pressure. 
The variation of resistance at a point of imperfect con- 
tact is utilised in Telephone Transmitters (Arts. 434, 
436). The following are the laws of the resistance of 
conductors : — 

i. The resistance of a conducUng wire is proportional 
to its length. If the resistance of a mile of 
telegraph wire be 13 ohms, that of fifty miles 
will be 50 X 13 ^ 650 ohms. 

ii. The resistance of a conducting wire is inversely 
proportional to the area of its cross section, and 
therefore in the usual round wires is inversely 
proportional to the square of its Sameter. Ordi- 
nary telegraph wire is about \t\\ of an inch thick ; 
a wire twice as thick would conduct four times as 
well, having four times the area of cross section : 
hence an equal length of it would have only Jth 
the resistance. 

iii. The resistance of a conducting wire of given length 
and thickness depends upon t 
it is made, — that is to sa] 
realstanoe of the maieriai. 

848, Speolflc Resistance. —1 
of a substance is best stated a 
"absolute" C.G.S. units {i.e. in th 
an ohm) of a centimetre cube of 
following Table also gives the relati 
that of silver is taken as 100. 
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TABLE OF SPECIFIC RESISTANCE. 



Subutaa-. 






MOalt. 

Silver 

Iron (sofl) 
L«ad 

German SUvw 
Mercury (liquid) 


.,609 
1,642 

2,154 

9,827 
19,847 
31,170 
96,146 
6 X io» 


96 

?4 
16 
8 




Pure Water j 

at ajoc 1 

DUule H,SO, 1 

(A add) i 


7-i8 X ioi» 
-136 X 10" 


less than <m« 
miiiuMlh part. 


Glass (at 3Q0°C) 
Guttapercha 
(at ao°c) 


3-27 X IO>» 

3S t 10" 


less than ow 



It is found that those substances that possess a high 
conducting power for electricity are also the best con- 
dactors of heat. Liquids are worse coDductors than the 
metals, and gases are perfect non-conductors, ejicept 
when so rarefied as to admit of discharge by convection 
through them (Art. 283). 

849. EfTeots of Heat on Beslstance. — Changes 
of temperature affect temporarily the conducting power 
of metals. Forbes found the resistance of iron to 
e considerably as the temperature is raised. The 
:s of copper and lead also increase, while that 
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of carbon appears on the other hand to diminish on 
heating. German-silver and other alloys do not show 
so much change, hence they are used in making standard 
resistance-colls. Those liquids which only conduct by 
being electrolysed (Art. 205), conduct better as the 
temperature rises. The effect of light in varying the 
resistance of selenium is stated in Art. 389. 

350. Typical OiroTiit. — Let us consider the typical 
case of the circuit shown 
in Fig. 128, in which a 
battery, ZC, is joined up 
in circuit with a galva 
meter by means of wires : 
whose resistance is R. 
The total electromotive, 
force of the battery we 
will call E, and the total ^'s- "B. 

internal resistance of the liquids in the cells r. The 
resistance of the galvanometer coils may be called G, 
Then, by Ohm's law : — 




C = , 



" R+r+G 

The internal resistance r of the liquids of the battery 
bears a very important relation to the external resistance 
of the circuit (including R and G), for on this relation 
depends the best way of arranging the battery cells 
for any particular purpose. Suppose, for example, 
that we have a battery of 50 small Daniell's cells at 
our disposal, of which we may reckon the electro- 
motive-force as one volt (or more accurately, I '079 volt) 
each, and each having an mtemal resistance of two 
ohms. If we have to use these cells on a circuit where 
there is already of necessity a high resistance, we should 
couple them up " in simple series " rather than in 
parallel branches of a compound circuit. For, suppos- 
ing we have to send our current through a line of 
telegraph 100 miles long, the external resistance R will 
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be (reckoning 13 ohms to the mile of vrire) at least 
1300 ohms. Through this resistance a single such ceU 
would give a current of less than one miUi-ampire, for 
here E = I, R = [300, r = 2, and therefore 
t^-rf-, - .1^. - ;^ot^m,pS„,, emrent b, 
too weak to work a telegraph instrument. 

With fifty such cells in series we should have E = 50, 
r = too, and then 

^ ~ tw+ 100 ~ i«o ~ S "'^ *" *™P^'*i or over 35 milli- 
amp^es. In telegraph work, where the instruments 
require a current of 5 to 10 milli-amp^res to work them, 
it is usual to reckon an additional Daniell's cell for every 
5 miles of line, each instrument in the circuit being 
counted as having as great a resistance as 10 miles of 



If, however, the resistance of the external circuit be 
small, such arrangements must be made as will keep the 
total internal resistance of the battery small. Suppose, 
for example, we wish merely to heat a small piece of 
platinum wire to redness, and have stout copper wires 
to connect it with the battery. Here the external resist- 
ance may possibly not be as much as one ohm. In that 
case a single cell would give a current of ^ of an amp^e 
(or 333 milli-ampires) through the wire, for here E = i, 
R = I, and r = 2, But ten cells would only give half 
as much again, or 476 milli-amp^res, and fifty cells only 
495 milli-amp^res, and with an infinite number of such 
cells M series the current could not possibly be more 
than 500 milli-amp^res, because every cell, though it adds 
I to E, adds 2 to R. It is clear then that though link- 
ing many cells in series is of advantage where there is 
the resistance of a long line of wire to be overcome, yet 
where the external resistance is small the practical advao' 
tage of adding cells in series soon reaches a limit. - 

But suppose in this second case, where the external 
resistance of the circuit is small, we reduce also du 

C.l,l,;iL 
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internal resistance of our battery by linking cells to- 
gether in parallel branches of a compound circuit, join- 
ing several zincs of several cells together, and joining 
also their copper poles together (as suggested in Art 
181), a different and better result is attained. Suppose 
we thus join up four cells. Their electromotive-force 
will be no more, it is true, than that of one cell, but 
their resistance will be but ^ of one such ceil, or ^ an 
ohm. These four cells would give a current of 666 
milli-ampferes through an external resistance of 1 ohm, 
for if E = I, R= I, and the internal resistance be ^ 
of r, or = J, then 
C = 5^ = § of an amp^e, or 666 milli-ampSres. 

3ai. Beet Grouplnff of Cells. — Tl is at once 
evident that if we arrange the cells of a battery in n 
files of m cells in series in each file (there being m x it 
similar cells altogether), the eleCTromotive-fbrce of each 
file will be tn times the electromotive- force E of each 
cell, or otE ; and the resistance of each file will be m 
times the resistance r of each cell, or mr. But there 
being n files in parallel branches the whole internal 
resistance will be only -^ of the resistance of any one file, 
or will be — r, hence, by Ohm's law, such a battery would 
give as its current 



mE 



raalaace {'^') ikaU igiial Ihi eilirital rcsialiHut. Th« 
verify EtuB TuLe bv takine cvam^ei and working Ihem a 
^roupini:! of Lhe cells- AlLiiDiigli this arrangenieTit gives the s 



•qual to one anolhcr, Ihe useful work in tli 
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362. Long and Short Coil InBtmmenta. — The Btndait will 
also now have no difficulty in peicriviug whf a "long-coil'' 
galvanometcT, or a " tong-txal " electromagnet, oi instniment of 
any kind in which the conductor ia a long thin wiie of h^h 
resistance, must not be employed on dicuits where both R aod 
r are already small. H« will also understand why, on drcmts 
of great length, or where there ii of necessity a high resistance 
and a battery of great electromotive force is employed, "short- 
coil" instruments are of little service, for thongh they add little 
to the resistances their few turns of wire are not enough with 
the small currents that circulate in high-resistance dicoits ; and 
why " long-coil " instruments are here appropriate as multiplying 
the edects of the currents by their many turns, their redstance, 
though perhaps large, not being a serious addition to the eiistitlg 
resistances of the circuit. A galvanometer mth a "long-cral " 
of high resistance, if placed as a shunt across two points of a 
dicuit, will draw therefrom a current proportional to the differ- 
ence of potential between those points. Hence such an mstru- 
ment may be used as a vellmiler (Art 360 d. ) 

363. Divided Oirouita— If a circuit divides, as in 
Fig. 129, into two branches at A, uniting together ag^n 

at B, the current will also 
be divided, part flowing 
through one branch part 
-^-; through the other. The 
relative strengths of cur- 
rent in the two branckei 
will be proportional to 
their conductivities, i.^., 
*■ "'' inversely proportional to 

their resistances. Thus, if r be a wire of 1 ohms re- 
; and / 3 ohms, then current in r: cuirent in 



or, ^ of the whole current will flow through r, and J of 
the whole current through /. 

The Joint resistance of the divided circuit between A 
and B wilt be less than the resistance of either branch 
singly, because the current has now choice of either path. 
In fact, the joint conductivity will be the sum of the two 
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separate conductivities. And if we call the joint resist- 
ance R, it follows that 



whence R = ^r - ^ or, in words, tki joint 
resistance of a divided conductor is eqital to the product 
of the two separate resistances divided 6y their sum. 



t thai meet in any feint ii 

(ii. ) iVkttt thert are seueral eUctromotive -farces acting at 
digiraU foinis of a circuit, the total elettromoHve-ftrce 
round the circuit ii equal ta the sum of the resiilancet 
of it! separate farti muUiplied each into the strength of 
the current thai flows through it. 

354. Current Sheets. — When a current enters a 
solid conductor it no longer flows in one line but spreads 
out and flows through the mass of the conductor. When 
a current is led into a thin plate of conducting matter it 
spreads out into a "current sheet" and flows through 
the plate in directions that depend upon the form of the 
plate and the position of the pole by which it returns to 
the battery. Thus, if wires from the two poles of a 
battery are brought into contact with two neighbouring 
points A and B in the middle of a very large flat sheet 
of tinfoil, the current flows through ' ' '' ' ' 
straight line from A to B, but in cun 
which start out in all directions from . 
meet in B, in curves very like those of 
that run from the N,-pole to the S 
(Fig. 50). When the earth b used j 
conduct the telegraph currents (F 
spreading of the currents into current 
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Lesson XXX — EUctrical Mtaswemmts. 

366. The practical electrician has to measure electri- 
cal resistances, electromotive -forces, and the capacities 
of condensers. Each of these several quantities is 
measured by comparison with ascertained standards, the 
particular methods of comparison varying, however, to 
meet the circumstances of the case. Only a few simple 
cases can be here exptfuned. 

360. Meaaurement of Resistanoe. — Resistance 
is that which stops the flow of electricity. Ohm's law 
shows us that the strength of a current due to an electro- 
motive force falls off in proportion as the resisButce in 
the circuit increases. 

(a) It is therefore possible to compare two resisUnces 
with one another by finding out in what proportion each 
of them will cause the current of a constant battery to 
fall off. Thus, suppose in Fig. 128 we have a standard 
battery of a few Daniell's cells, joined up in circuit with 
a wire of an unknown resistance R, and with a galvan- 
ometer, we shall obtain a current of a certain strei^tb, 
as indicated by the galvanometer needle experiencing a 
certain deflection. If we remove the wire R, and sub- 
stitute in its place in the circuit wires whose resistances 
we know, we may, by trying, find one which, when inter- 
posed in the path of the current, gives the same deflection 
on the galvanometer. Hence we shall know that this 
wire and the one we called K ofTer equal resistance to 
the current. Such a process of comparison, which we 
may call a method of substitution of equivalent resistances, 
was fiirther developed by Wheatstone, Jacobi, and others, 
when they proposed to employ as a standard resistance 
a long thin wire coiled upon a wooden cylinder, so that 
any desired length of the standard wire might be thrown 
into the circuit by unwinding the proper number of turns 
of wire off the cylinder, or by making contact at some 
point at any deured distance from the end of the wire. 
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Such an iDstmineat was known as a Rheoatat, but it is 
now superseded by the resistance coils explained below. 

(i) The method explained above can be used with 
any galvanometer of sufficient sensitiveness, but if a 
tangent galvanometer is available the process may be 
shortened by calculation. Suppose the tangent galvano- 
meter and an unknown resistance R to be included in 
the circuit, as in Fig. 128, and that the ctirrent is strong 
enough to produce a deflection of i degrees : Now sub- 
stitute for R any known resistance R', which will alter the 
deflection to S" ; then (provided the other resistances of 
the circuit be negligibly small) it is clear that since the 
strengths of the currents are proportional to iim t and 
ian y respectively, the resistance R can be calculated by 
the inverse proportion. 

tan i : tan ^ = R : R. 

(c) With a differential galvanometer (Art. Z03), and a 
set of standard resistance colls, it is easy to measure the 
resistance of a conductor. Let the circuit divide into two 
branches, so that part of the. current flows through the 
unknown resistance and round one set of coib of the 
galvanometer, the other part of the current being made 
to flow through the known resistances and then round 
the other set of coils in the opposing direction. When 
we have succeeded in matching the unknown resistance 
by one equal to it from amongst the known resistances, 
the currents in the two branches will be equal, and the 
needle of the differential galvanometer will show nc 
deflection. With an accurate instrument this null method 
is very reliable. 

{J) The best of all the ways of measuring resistances 
is, however, with a set of standard resistance coils and 
the important instrument known as Wheatstone's Bridge, 
described below in Art 358. 

(«) To measure very high resistances the plan may be 
adopted of charging a condenser from a standard battery 
for a definite period through the resistance, and then 
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ascertaining the accumulated charge by discharging it 
through a ballistic galvanometer (Art. 204). 

SB7. Fall of Potential along a Wire. — To underetand the 
principle of Wheatstone's Bridge we must explain a preliminary 
point. If the electric polenlial of different points of a circuit 
be examined by means of an electrometer, as explained in Art, 
363, it is found to decrease all the way round the circuit from 
the + pole of the battery, where it is highest, down to - pole, 
where it is lowest If the circuit consbt of one wire of umlbnn 
thickness, which offers, consequently, a uniform resistance to 
the current, it is found that the potential tal]s uniformly ; if 
however, part of the circuit resists more than another, il is 
found that (he potential fells most rapidly along the conductor 
of greatest resistance. But in every case the fall of potential 
between any two points is proportional to the resistance between 
those two points ; and we know, for example, that when we 
have gone round the circuit la a. point where the potential has 
fallen through half its value, the current has at that point gone 
through half the resistances. The difference of potential ^ be- 
tween the poles of a battery (of electromotive-force E and 
internal resistance r) in 3 circuit of which the total resistance is 
R + r, may be written in the following ways as : 

^ = E^^- E-rC = RC. 
868. Wbeatotons'a Bridge. — This instrument 
invented by Christie, and applied by Wheatstone to 
measure resistances, consists of a system of conductors 
shown in dif^am in Fig. 1 30. The circuit of a constant 
battery is made to branch at P into two parts, which 
re-unite at Q, so that part of the current flows through 
ihe point M, the other part through the point N. The 
four conductors D, C, B, A, are spoken of as the " arms " 
of the "balance" or "bridge ;" it is by the proportion 
subsisting between their resistances that the : 
of one of them can be calculated when the ri 
the other three are known. When the current which 
starts from C at the battery arrives at P, the potential 
will have fallen to a certain value. The potential of the 
cnrrent in the uppter branch falls again to M, and 
continues to fall to Q. The potential of the lower 
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branch falls to N, and again lalls till it reaches the valu« 
at Q- Now if N be the same proportionate distance 




along the resistances between P and Q, as M is along 
the resistances of the upper line between P and Q, the 
potential will have fallen at N to the same value as it 
has fallen to at M ; or, in other words, if the ratio of the 
resistance C to the resistance D be equal to the ratio 
between the resistance A and the resistance B, then M 
and N will be at equal potentials. To find out whether 
they are at equal potentials a sensitive galvanometer is 
placed in a branch wire between 
no deflexion when M and N are 
when the four resistances of thi 
another by being in proportion, tl 
A:C;:B:1 
If, then, we know what A, B, and 
D, which win be t, -■ 

ExAMFLE. — Thus if A and C ar. 
and 100 aims respectively, ai 
be 15 X 100 -=- 10 = 150 ehn 
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360. Reeiatance Ooils. — Wires of standard resist- 
ance are now sold by instrument makers under the name 
of Beslstanoe Ooila. They consist of coils of german- 
silver (see Art. 349) (or sometimes silver-iridium alloy), 
wound with great care, and adjusted to such a length as 
to have resistances of a definite number oiohms. In order 
to avoid self-induction, 
and the consequent sparks 
(sec Art 404) at the 
opening or closing of the 
circuit, they are wound 
in the peculiar manner 
indicated in Fig. 131, 
each wire (covered with 
silk or paraffined -cotton) 
being doubled on itself 
before being coiled up. Each end of a coil is soldered 
to a solid brass piece, as coil i to A and B, coil 2 to 
B and C ; the brass pieces being themselves fixed to a 
block of ebonite (forming the top of the " resistance 
box "), with sufficient room between them to admit of 
the insertion of stout well-fitting plugs of brass. Fig. 
132 shows a complete resistance -box, as fitted up for 




electrical testing, 
long as the plugs 



with the plugs in their places. So 
remmn in, the current flows through 
... , Jc 
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the solid brass pieces and plugs without encountering 
any serious resistance ; but when any plug is removed, 
the current can only pass from the one brass piece to 
the other by traversing the coil thus throwti into circuit. 
The series of coils chosen is usually of the following 
numbers of ohm^ resistance— i, 2, 2, 5 ; 10, 20, 20, 

50; 100, zoo, 200, 500 ; up to 10,000 ohms. 

By pulling out one plug any one of these can be thrown 
into the circuit, and any desired whole number, up to 
20,000, can be made up by pulling out more plugs ; thus 
e of 263 ohms wiU be made up as 200 + 50 

s usual to construct Wheatstone's bridges with some 
e coils in the arms A and C, as well as with a 
complete set in the arm B. The advantage of this 




1^- 



arrangement is that by adjusting A and ( 
the proportionality between B and D, ant 
cases, measure to fractions of an ohm. 
a more complete scheme, in which resistai 
and 1000 ohms are included in the arms 
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ExAMFLX. — Sappose we hftd ■ wire, whose redstance we 

knew to be between 46 and 47 shmt, and wished to 

measure the fraction of an ehin, we should insert it at D, 

and make A 1 00 ehmi and C l o ohmi ; in thai case D 

would be balanced by a resistaace in B 10 times as great 

■s the wire D. If, on trial, this be found to be 464 okmt 

we know that D — 464 x 10 -i- 100 — 46-4 ehms. 

In practice the bridge is seldom or never made in the 

lozenge-shape of the diagrams. The resistance -box of 

Fig, 131 is, in itself) a complete "bridge," the appropriate 

connections being made by screws at various points. In 

using the bridge the battery circuit should always be 

completed by depressing the key K, before the key 

K, of the galvanometer circuit is depressed, in order 

to avoid the sudden violent " throw " of the galvanometer 

needle, which occurs on dosing circuit in consequence of 

self-induction (Art 404}. 

860. Measurement of BleotroinotlTe-Foroa. — 
There being no easy absolute method of measuring 
electromotive-fbrces, they are usually measured rtlatively, 
by comparison with the electromotive-force of a standard 
cell, such as that of Daniell (Art 170), or better still 
that of Latimer Clark (Art, 177). The methods of 
comparison are various ; only four can here be men- 

(a) Call E the electromotive-force of the battery to be 
measured, and E* that of a standard baltery. Join E 
with a galvanometer, and let it produce a daSection of 
)i degrees through the resistances of the circuit ; then 
add enough resistance r to bring down the deflection to 
Ig degrees — say 10 degrees less than before. Now 
Bubstitute the standard battery in the circuit and adjust 
the resistances till the deflection is 5i as before, and then 
add enough resistance /, to bring down the deflection 
to 8|. Then 

-' ! f-E" : E, 
lince the reliances that will reduce the strei^th of the 
current equally will be proportional to the electromotive- 
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{i) If the pdlta of a sUndud battei; are joined bj a long 
thin wlie, the potential wiH &U oniJbnnljr from die + to 
the — pole. Hence, by mulring contacts at one pole 

and at a point any deuied distance along the wiie, any 
desired proportioasl part of the whole electiomotive-Corce 
can be laken. This proportional part may be balanced 
against the electiomotive-force of any other balteiy, or 
used to compare the difference between the electromotive- 
forces of two different cells. 
(f) The etectromotive-forcE of a battery may be measured 
directly as a difference of potentials by a quadrant electro- 
meter. In this case the circuit is never closed, and no 
current flows. 
Id) If a galvanometer be constructed ao that the resistance 
of its coils is several thousand ohms, in compaiison with 
which the internal resistance of a battery or dynamo 
machine is insigniScont, such a galvanometer will serve 
to measure electiomotive-fbrces ; for, by Ohm's law, the 
strength of current which such b battery or dynamo can 
send through ft will depend only on the electromotive- 
force between the ends of the coil. Such a galvanometer, 
suitably graduated, is sometimes called a " VoU-mettr" 
or " Faiinlial gahiatiumtfer." It can be used to determine 
tbe difference of potential twtween any two points of a 
drcuit by connecting its terminals as a shunt to the 
circuit between these two points. 
361. Meaatirement of Internal Besistanoe ol 
Battery. — This may be done in three ways. 

(a) Note by a tangent galvanometer the strength of the 

current, first, when the leastance of the external circuit 

is small ; and secondly, when a larger known eitenial 

resistance is introduced. From this tbe proportion 

between the internal resistance and tbn inimHiii-«1 ».. 

temal resistance can be calculated. 
(*) {Method of 0/ipentii,n).—Takts Iw. 

join them in opposition to one anolhf 

DO current of their own. Then m 

resistance just as the resistance of a 

The resistance of one cell will be hal 
(f) {MoKc/s MttkBd).—V\a^ the ceU 

the Wheatstone's bridge, and put a k 

usually is, adjust the resistaiices till (he 
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meta d«fl<clic« is the same whether the key be depressed 
or not. When this cAoditHm of Ihings is attained the 
hatteiy lesistuce is tnlaiKed I9 those oS the other tluee 
anns. {JVet a reliabU method.) 
363. MeasuremeDt of Oai>acity of a Con- 
denser. — The capacity of a condenser may be measured 
by comparing it with the capacity of a standard con- 
denser — snch as the \ mlcro&rad condenser shown in 
Fig. 106, — in one of the following ways: — 

(a) Charge the condenser of unknown capacity to a 
certain potential ; then make it share its charge with the 
condeDser of known capacity, and measure the potential 
to which the chaise sinks ; then calculate the original 
capacity, which will bear the same ratio to the joint 
capacity of the two as the final potential beats to the 
original potentiaL 

{b) Charge each condenser to eqtial difierences of 
potential, and then discharge each successively through 
a ballistic galvanometer (Art. 204), when the wne of half 
the angle of the first swing of the needle will be propor- 
tional in each case to the chaise, and therefore to the 
capacity. 

(f) Charge the two condensers simultaneously from 
one pole of the same battery, interposing high resistances 
in each branch, and adjusted so that the potential rise& 
at an equal rate in both ; then the capacities are inversely 
proportional to the resistances through which they are 
respectively being charged. 

(d) Another method, requiring no standard condenser, 
is as follows : — Allow the condenser, whose capacity is to 
be measured, to discharge itself slowly through a wire ot 
very high resistance. The time taken by the potential 
to fall to any given firaction of its original value is pro- 
portional to the resistance, to the capacity, and to the 
logarithm of the given fraction. 

363. Beaiatance Expresaed aa a Velocity.— Ii will be 
Men, on reference 10 the table of "Dimensions" of electro- 
magnelic Dniu (Art. 324), that the dimension 
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given as LT~t, wbicb are the same dimensions (see Art. 25S) as 
those of a velocity. Every resistance is capable of being 
expressed as a velocity. The following considerations may 
assist the student in forming a physical Conception of this : — 
Suppose we have a circuit composed of two horizonta,! rails 




(Fig. 134), CS and DT, i centim. apart, jobed at CD, and 
completed by means of a slidbg piece AB, Let this variable 
circuit be placed in a uniform m^;netic lield of unit intensity, 
the lines of force being directed vertically downwards through 
the circuit. If, now, the slider be moved along towards ST 
with a velocity of it centimetres per second, the number of 
additional lines of force embraced by the circuit will increase it 
the rate n per second ; or, in other words, there will be an 
indueed electromotive ■ force (Art. 394) impressed upon th« 
circuit, which will cause a current to flow through the slider 
from A to B. Let the rails have no resistance, then the 
strei^h of the current will depend on the resistance of AB. 
Now let AB move at such a rate that the current shall be of 
unit strength. If its resistance be one "absolute" (electio- 
magnetic) unit it need only move at the rate of I ceatim. per 
second. If its resistance be greater it must move vnlh a pro- 
portionately greater velocity ; the velocity at which it must 
move to Iteep up a current of unit strength being numerically 
equal to its resistance. Thi resistance known as " one ohm " is 
intentUd ta be 10* absolute eleclromagnelic units, and therefore is 
repraented by a velocity of 10^ centimetres, or ten million metres 
(one earth-quadrant) fer second. 

381 ETalutttoDofthsOhm.— The valuiaf t)K ohm in absalutt meuun 
*u dctennined by a Commitiee vi Uie Biitish AssociaiioD Ld London in iSAj. 
][ beinf LPipracdcnbla ta give to a horizoDtal ilidinE'PiccB » bigb a vekdty 
ai ms nccH^tBled, tba vdocity wbich cornspondcd to the RSMaoce of a 
vin wu meuuiEd Id the fbUowing way :— A rin[ of wire (of nmny mnu), 
pJToted abml a veniul ul>, aj in Fig. 135, was made to rotolc vci; npUly 
anl unifomlT. Sncb a ring in rotatioi cuO the line* of lortx of the lailh'i 
nagitliani. The Danhen half of Ibe ring, id movbig fnm vol tonrd cut. 
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magnetic cflect due to the rDtatiDg 
coil beins ptvpordonal diicctly to 
■U the honiDDta] component of tbe 
earth's DiHgneti«D, to the TvLocitf 
aS rotation, and to the Dumber of 
lums of wire in the coil, utd in- 
versely T^oponianji] to the resist- 
ance of the wire olthe coils. Hence, 
all the othetdatabeing known, the 
le^tance can be calculated and 
measured <a a vilxiif. The 

repreienud loH cendns. per lecond. 

nij^teited in tSBo by the Britiih Association Conunittee. 

3H(tuX Tlw Legal Cnun—AtthelntetnaliDnal Congress ofElectricians 
bi Palis 1B81 the project for a redetetnunation of the ohm was endorsed, and 
it was also agreed that the practical standards should no longer be coa- 
structcd in Gennan silver wire, but that they should be made upon the plan 
originally suggested by Siemens, by defining the proiticnl sAm as the resbt- 
ance of a column of pure mercury of a cettain length, and of one millimetre 
of cross-section. The oHginal ** Siemens' unit " was a column of mercury 
one metre in length, and one square millLmetre In section, and was raibcr 
less than an ohm (09411 B.A. unit). Acting on measurements made by the 
best physicists of Europe, the Paris Congrsu of 1864 decided that the 
mercury column representing iAt lagal oktH shall be id6 centimetres in 
length. [Lord Rayleigh's detenninat ion gave to6'3i Gcntimelres of mercury, 
as representmg the true theoretical ohm {? icf absolute units).] Our old 
B.A. ohm is only 0*9887 of the afM ligal ekm ; and our old voli is o-jM; o( 
the Uzalvolt, 




IE RATIO OF THE ELECTROSTATIC TO THE 

ELECTROMAGNETIC UNITS. 

re the Table of Dimensions of Electrostatic 
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case Ln the Tutio of the electiuUtii: la the fiLcctronui^etic measure of ev 

two eleclrified piniclH must trsTcl alciiiE ^de by lidc in ordtr tbat tl 
mutual ckclnnnagiKtic utnctiiin (cansideRd u equiialuit in monng 
two parallel cutrents) shall just equal their mulual e]ectrt>stuk repubi 

tiectivmagHttieUuoryB/i^htikct. 390). has been measured in several trf 



Uhit. 
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RAT.O. 


QuantiCj . 


M* L* -T-i 


Mi Li 


LT-' =v 


Potential . 


m*l4t-> 


Mi L* 1^' 


L-iT =I- 


Capacity . 


L 


I/^T" 


L'T-'=w" 


Resisunce . 


L-i T 


LT-J 


L-»T' = ^ 



(j^ ProfeuoA Ayrtoa and Feny measured thfi capadi 
electramagceticaliy by dischai^iDg it into a balllEtic ~ 
electXDStatically by caiculatioiis from its sjie, jtnd fovod 
• -.-980 

(() Prafeaat Joseph J. ThomiDn csmputd the capi 
M measured elcctrostalicallT by ca l cu l a t ion and as m 
netically on a Wheatnone'i tsic^ ud deduced 

. a-963 
Tlu vtlxilr t/Ugkl a^i^BnAlo^it - I'Mpa 

the Tetadty of rtd light is a'gSiS 



' electraslalii: (C.G.S.) units 
1 eleclmslalic (C.G.S.) uiiitg I 
1 electrostatic (C.G.S.) unim 
JI electrostallc (C.G.S.) units < 
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CHAPTER VII. 



HEAT, LIGHT, AND WORK, FROM 

Lesson XXXI. — Heating Effects of Currents. 

366. Heat and Resistance. — A current may do 
work of various kinds, chemical, magnetic, mechanical, 
and thermal. In every case where a current does work 
that work is done by the expenditure of part of the energy 
of the current. We have seen that, by the law of Ohm, 
the current produced by a given battery is diminished in 
strength by anything that increases the external resistance. 
But the strength of the current may be diminished, in 
cert^n cases, by another cause, namely, the setting up 
of an opposing electromotive force at some point of the 
circuit. Thus, in passing a current through a voltameter 
(Art. 214) there is a diminution due to the resistance ot 
the voltameter itself, and a fiirther diminution due to the 
opposing electromotive- force (commonly referred to as 
"polarisation") which is generated while the chemical 
work is being done. So, again, when a current is used to 
drive an electromagnetic motor (Art. 375), the rotation 
of the motor will itself generate a back-current, which 
will diminish the strength of the current. Whatever 
current is, however, not expended in this way in external 
work, xs fritltred down into heat, either in the battery or 
in some part of the circuit, or in both. Suppose a 
quantity of electricity to be set flowing rotmd a dosed 
circuit. If there were no resistance to stop it it would 



CHAP. VII.] ELECTRICITY AND MAGNETISM. 319 

circulate for ever ; just as a waggon set rolling along a 
circular railway should go round for ever if it were not 
stopped by friction. When matter in motion is stopped 
by friction the enei^ of its motion is frittered down by 
the friction into heat. When electricity in motion is 
Stopped by resistance the energy of its flow is frittered 
down by the resistance into heat. Heat, in fact, appears 
wherever the circuit offers a resistance to the current. 
If the terminals of a battery be joined by a short thick 
wire of small resistance, most of the heat will be de- 
veloped in the battery ; whereas, if a thin wire of con- 
siderable resistance be interposed in the outer circuit, it 
will grow hot, while the battery itself will remain com- 
paratively cool. 

367. LavB of Development of Heat: JotUe's 
Law. — To investigate the 
development of heat by a 
current. Joule and Lenz used 
instruments on the prin- 
ciple of Fig. 136, in which 
a thin wire joined to two 
stout conductors is enclosed 
within a glass vessel con- 
taining alcohol, into which 
also a thermometer dips. >. 
The resistance of the wire 
being known, its relation to 
the other resistances can 
be calculated. Joule found ' 

that the number of units of heat developed 
diictor is proportional — 

(i.) to its resistance ; 

(ii.) to the square of the strength of the a 
and 

(iii.) to the time that the current lasts. 
The equation expressing these relations is 
Joule's Law, and is — 
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H = C»Rt X 0-24 
where C is the current in amp^s, R the resistance in 
ohms, t the time in seconds, and H the heat in the usual 
unit of heat -quantities, viz. the amount of heat that will 
raise i gramme of water through i°C of temperature 
(Art 255). 

Joule's Uff may be aiiived at bj the following calculation. 
The work W done by a current in moving Q uniti of electricity 
through a difference of potential V, — V, is — 

W = Q (V,-V,}; 
and since Q = Ct, and V, - Vj = E, and W = JH, (where J a 
Joule's equivalent <> 4'2 x lo', and H the heat in waler^ramme- 
ceniigrade degree umts), we have — 

JH = CtE (andE.CR). 

= C'Rt 
whence H = ^'. 
But as C and R aie here in "absolute" units, they must be 
multiplied by lo-' x 10* = lo', to reduce to the ordinary case 
ofampira and oAnis; whence — 

H = C'Ri~42 
= C'Rl X 024. 

This is equivalent to the statement that a current oj 
one ampire flowing through a resistance of one ohm 
developes therein 0-24 heat-units ^er second. 

Dr. Siemens proposes to call this quantity of heal (or its 
mechanical equivalent in work) by the name of one joule. I( 
this suggestion be adopted, the electric unit of heat, the JeuU, 
will be only 0^24 of an ordinary heat-unil ot cahrii (Art. 755). 
and I calorie will be equal to ^I Joules. 

The Hcond of the nbove laws, (hat the heat is, cttttrii parAus. propor- 
iiDiial u the tgwv* ol the tttength of the current, often piu2l«s Totinf 
tttideiiti, who expect ilie heal to be propaTtional to the current vmply. 
Soch nuy retnemher that the cansumplion of litic ii, attrrU fiaribtut also 
propiatioiu] Co the iquiiTe of the carreot ; for, suppose that in woriuns 
through ■ high rcnstaoce (u a£ to get all the heat developed ouiikle the 
battery] we double the comnt by douMmg the number of batteiy cells, then 
will be twice as much zinc consumed as before b ta^k cell> nnd as there are 
twice as many edit as at first the consumption of liac is fmtr timet as ereat 

36S. Favre'a Experiments.— Favre made a series of moat 
important enperimeala on the relation of the energy of a etuieni 
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10 the heat il derelopes. He ascertained that the nnmba ol 
heat-imits evolved when 33 grammes (i equivalent) of zmc aie 

dissolved in dilute sulphuric add (from which il causes hydrogen 
to be given off) to tie l8,6S2. This fig^e was aiiived at by 
conducting the operatioD in a vessel placed in a cavity of his 
calorimeter, an instrument resembling a gigantic thmnonieter 
filled with mercury, the expansion of which was proportional to 
the heat imparted to it. When a Smee's cell was introduced 
into the same instrument, the solution of the same amount of 
tine was observed to be accompanied by the evolution of 18,674 
units of heat [i.e. an amount almost identical with that observed 
before), and this amount was the same whether the evolution 
took place in the batter;-cell when the circuit was closed with a 
short thick wire, or whether it took place in a long thin wire 
placed in the external circuit. He then arranged 5 Smee's cells 
in series, in cavities of the calorimeter, ani! sent their current 
round a small electromagnetic engine. The amount of heat 
evolved during the solution of 33 grammes of line was then 
observed in three cases ; (i.) when the engine was at rest ; (iL) 
when the engine was running round and doing no work beyortd 
overcoming the friction of its pivots ; (iii. } when the engine was 
employed in doing 13,124,000 gramme-centimetres (= r3,874 
X lof ergs) of work, by raismg a we^hl by a cord ruiming over 
a poUey . The amoimts of lieat evolved in the circuit in the 
three cases were respectively, 18,667, 18,657, and lS,374units. 
In the last case the work done accounts for the diminution in 
the heat frittered down in the circuit. If we add the heat- 
equivalent of the work done to the heat evolved in the latter 
case, we ought to get the same value as before. Dividing the 
12,874 >( ic^ ergt of work by Joule's equivalent, expressed in 
"absolute" measure (43 x lo"), we get as the heat-equivalent of 
the work done 306 heal units. Now 18,374 + 306 = iS,6So, 
a quantity which is almost identical with that of the hrst 
observatiim, and quite within the limits of 
mental error. 

369. Rise of Temperature. — 
temperature in a resisting wire depend: 
the resistance. A very short length of a 1 
resist jnst as much as a long length of 
will cause the same number of tmits of t 
but in the former case, as the heat is sj 



33» ELEMENTARY LESSONS ON [chap. vn. 

short thin wire of small mass, it will get very hot, whereas 
in the latter case it will perhaps only warm to an imper- 
ceptible degree the mass of the long thick wire. If the 
wire weigh w grammes, and have a specific capacity for 
heat s, then H = swB, where 6 is the rise of tempera- 
ture in degrees (Centigrade). Hence 

« = OM X ^- 

Since the resistance of metals increases as they rise ia 
temperature, a thin wire heated by the current will resist 
more, and grow hotter and hotter until its rate of loss ol 
heat by conduction and radiation into the surrounding 
air equals the rate at which heat is supplied by the 
current 

The following pretty experiment illustrates the laws of 
beating. The current from a few cells is sent through a 
chain made of alternate links of silver and platinum 
wires. The platinum links glow red-hot while the silver 
links remain comparatively cool. The explanation is 
that the specific resistance of platinum is about six times 
that of silver, and its capacity for heat about half as 
great ; hence the rise of temperature in wires of equal 
thickness traversed by the same current is roughly twelve 
times as great for platinum as for silver. 

Thin wires heat much more rapidly than thiclc, the 
rise of temperature in Mffirent parts of the same wire 
(carrying the same current), ieing, for different thick- 
nesses, inversely proportional to the fourth power of the 
diameters. 

Thus, suppose a wire at any point to become reduced to ka^ 
its diameter, the cross-section will have an area ^ as great as in 
ihe tbicket part. The resistance here will be 4 tinies as great, 
and Che number of heat units developed will be 4 times as great 
as in an equal length of the thicker wire. But 4 times the 
amount of heat spent on ^ tbe smoimt of metal will warm it to 
a dqpree 16 times as great, and 16 = 2*. 

For surgical purposes a thin platinum wire, heated 
red-hot by a current, is sometimes used instead of a 
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knife, 3s, for example, in the operation of amputating the 
tongue for cancer. Platinum is chosen on account of its 
infiisibility, but even platinum wires are ftised by the 
current if too strong. Carbon alone, of conductors, resists 
fusion. 

370. Blastlns by EHeotrlolty. — In consequence ol 
these heating effects, electricity can be applied to fire 
blasts and mines, stout conducting wires being earned 
from an appropriate battery at a distance to a special 
fuse, in which a very thin platinum wire is joined in the 
circuit This wire gets hot when the current flows, and 
being laid amidst an easily combustible substance to 
serve as a priming, ignites this and sets fire to the charge 
of gunpowder. Torpedoes can thus be exploded beneath 
the water, and at any desired distance from the battery. 

The special case of heat developed or abstracted by a 
current passing through a junction of dissimilar metals, 
known as Peltier's effect, is mentioned in Art 38a 
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871. The Voltaic Arc — If two pointed pieces of 
carbon are joined by wires to the tenninals of a ftower- 
ful voltaic battery or other generator of electric currents, 
and are brought into contact for a moment and then 
drawn apart to a short distance, a kind of electric flame 
called the voltaic arc is produced between the points 
of carbon, and a brilliant light is emitted by the white 
hot points of the carbon electrodes. This phenomenon 
was first noticed by Humphry Davy in 1800, and its ex- 
planation appears to be the following : — Before contact 
the difference of potential between the points is insufficient 
to permit a spark to leap across even nl„ of an inch of 
air-space, but when the carbons are made to touch, a 
current is established. On separating the carbons the 
momentary extra -current due to self-induction of the 



3J4 ELEMENTARY LESSONS ON [cHAf. vii, 

circuit (Art 404), which possesses a high electromotive- 
force, can leap the short distance, and in doing so 
volatilises a small quantity of carbon between the points. 
Carbon vapour being a partial conductor allows the 
current to continue to flow across the gap, provided it be 
not too wide ; bnt as the carbon v^mur has a very high 



resistance it becomes intensely heated by the passf^ 
of the current, and the carbon points also grow hot 
Since, however, solid matter is a better radiator than 
gaseous matter, the carbon points emit far more light 
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than the avc itself, though they are not so hot. In the 
arc the most inrusible substances, such as fiint and 
diamond, meh ; and metals such as gold and platinum 
are even vapourised readily in its intense heat. When 
the arc is produced in the air the carbons slowly burn 
away by oxidisation. It is observed, also, that particles 
of carbon are torn away from the + electrode, which be- 
comes hollowed out to a cup-shape, and some of these 
are deposited on the — electrode, which assumes a 
pointed form, as shown in Fig. 137. The resistance of 
the arc may vary, according to circumstances, from 0-5 
ohm 10 nearly 100 ohms. It is also found that the arc 
exerts an opposing electrom olive-force of its own of about 
39 volts when the arc is quiet, or i 5 volts when hissing. 
To produce an electric light satisfactorily a minimum 
electromotive-force of 40-50 volls is necessary ; and as 
the current must be at least from 3 to 10 or more 
ampires, it is clear that the internal resistance of the 
battery or generator must be kept small. With weaker 
currents or smaller electromotive-forces it is impracticable 
to maintain a steady arc The internal resistance of 
the ordinary Daniell's or Ledanch^'s cells (as used in 
telegraphy) is too great to render them serviceable for 
producing eleCTric lights. A battery of 40-60 Grove's 
cells (Art. 171) is efficient, but will not last more than 
2 or 3 hours. A dynamo-electric machine (such as 
described in Art. 407 to 411), worked by a steam-engine, 
is the best generator of currents for practical electric 
lighting. The quantity of light emitted by an electric 
lamp is disproportionate to the strength of the current ; 
and is, within certain limits, proportional to the square 
of the heat developed, or to the fourth power of the 
strength of the current 

372. Eleotrio Aro Lamps. — Davy employed wood 
charcoal for electrodes to obtain the arc light. Pencils 
of hard gas.carbon were later introduced by Foucault. 
Id all the more recent arc lamps, pencils of a more 

C.l,l,;iL 
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dense and homogeneous artifidal coke-carbon are used. 
These consume away more regularly, and less rapidly, 
but still some contrivance is necessary to push the 
""'"*■' •}{ the carbons forward as fast as 
It is requisite that the mechan- 
luld start the arc by causing the 
to touch and then separate them 
equisite distance for the produc- 
a steady arc ; the mechanism 
also cause the carbons not only 
ed into the arc as fest as they 
le, but also to approach or recede 
tically in case the arc becomes 
g or too short ; it should further 
le carbons tt^ther for an instant 
the arc again if by any chance 
goes out. Electric Arc Latnpi 
or Regulators, fulfilling these 
conditions, have been invented 
by a number of persons. These 
may be classified as follows : — 
(u) Clockwork Lamps. — Fig. 
1 3 S shows the regulator of Fou- 
cault as constructed by Puboscq; 
in this lamp the carbon-holders 
are propelled by a train of 
clockwork wheels actuated by 
a spring. An electromagnet 
at the base, through which the 
current runs, attracts an arma- 
ture and governs the dock- 
Kr. ijB. work. If the current is too 

strong the armature is drawn down, and the clockwork 
draws the carbons further apart If the current is 
weakened by the resistance of the arc, the armature is 
drawn upwards by a spring, and a second train of wheels 
comes into play and moves the carbons nearer together. 
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Clockwork arc lamps have also been devised by Seirin 
and by Crompton, in which the weight of the carbon- 
holders drive the clockwork mechanism. 

(d) Break-wheel Lamfs. — ^Jaspar and Crompton have 
devised mechanism for regulating the rate of feeding 
the carbon into the arc by adding to the train of 
wheels a break-wheel ; the break which stops the wheel 
being actuated by a small electromagnet which allows 
the wheel to run forward a little when the resistance of 
the arc increases beyond its normal amount. 

(<r) SoUrtoid Lamps. — In this class of arc lamp one 
of the carbons is attached to an iron plunger capable of 
sliding vertically up or down inside a hollow coil or 
solenoid, which, being traversed by the current, regulated 
the position of the carbons and the length of the arc 
Siemens employed two solenoids acting ^against one 
another difierentially, one being a main-circuit coil, the 
other being a shunt-circuit If the resistance of the arc 
became too great, more of the current flowed past the 
lamp through the shunt-circuit, and caused the carbon- 
holders to bring the carbons nearer together. Shunt- 
circuits to regulate the arc have also been used hy 
Lontin, Brush, Lever, and others. 

(if) Clutch Lamps. — A somewhat simpler device is 
that of employing a clutch to pick up the upper carbon 
holder, the lower carbon remaining fixed. In this kind 
of lamp the dutch is worked by an electrom^net, 
through which the current passes. If the lamp goes 
out the magnet releases the dutch, and the upper carbon 
falls by its own weight and touches the lower carbon. 
Instandy the current starts round the electromagnet, 
causes it to act on the clutch which grips the carbon- 
holder and raises it to the requisite distance. Should 
the arc grow too long the lessening attraction on the 
clutdi permits the carbon-holder to advance a little. 
Hart, Brush, Weston, and Lever employ clutch lamps. 

373. SUeotrlo Oaodles. — To obviate the expense 
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&itd complication of such regulators, electric candles have 
been suggested by JablochkolT, 
Wilde, and others. Fig. 139 
depicts Jablochkoff's candle, 
consisting of ttvo parallel [>en- 
cils of hard carbon separated 
by a thin layer of plaster of 
Paris and suppforted in an up- 
right holder. The arc plays 
across the summit between the 
two carbon wicks. In order 
that both carbons may consume 
at equal rates, rapidly alternat- 
ing currents must be employed, 
which is disadvantageous from 
an economical point of view. 

374. IncaiidesoeDt EQeo- 
trio Lampa — Voltaic arcs of 
. illuminating power of less 
\ than 100 candles cannot be 
maintained steady in practice, 
and are uneconomicat For 
small lights it is both simpler and cheaper to employ a 
ihin continuous wire or filament of some infusible con- 
ductor, heated to whiteness by passing a current through 
it Thin wires of platinum have repeatedly been sug- 
gested for this purpose, but they cannot be kept from 
risk of fusing. Iridium wires and thin strips of carbon 
have also been suggested by many inventors. Edison in 
1 878 devised a lamp consisting of a platinum spiral com- 
bined with a short-circuiting switch to divert the current 
fromthelamp in case it became overheated. Morerecendy 
thin filaments of carbon have been employed by Swan, 
Edison, Lane-Fox, Maxim, Crookes, and others for the 
construction of little incandescent lamps. In these lamps 
the cartion filament is mounted upon conducting wires, 
u&ually of platinum, which pass into a glass bulb, into 
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which they are sealed, the bulbs being afterwards ex- 
hausted of air and other gases, the vacuum being made 
very perfect by the employment of special mercurial 
air-pumps. Carbon is better for this purpose than 
platinum or any other metal, partly because of its 
superior intusibility and higher resistance, and partly 
because of the remarkable property of carbon of offering 
a lower resistance when hot than when cold. This 
property, which is the reverse of that observed in metals, 
renders it less 
liable to become 
overheated. 
The forms of 

descent lamps 
are shown in 

Fig. 140. Swan 
(i) prepares his 
^lament from 
cotton thread 
parchmentised 

acid and after- 
wards carbon- 
ised ; such a 
filament be- 

comingremark- pi 

ably elastic and 

metal-like in the process. Ediso 
flat strip of carbonised bamboo i 
Maxim (3) uses a preparation of 
and Akester (6) use prepared and 
fibres. Crookes ( j) employs a filair 
or vegetable mailer parchmentise 
cuprammonic chloride. The resi 
varies according to size and lengtl 
3 to 200 ohms. The current n 
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filaments white-hot is usually from t to i -3 atnfirt. To 
produce this current the electromotive force that must 
be applied is dependent on the resistance of the lamp. 
Suppose a lamp the resistance of which is 60 chms when 
cold and 40 ohms when hot : the requisite current "will 
be obtained by applying an electromotive force of about 
50 volts, because 50 -i- 40 = 125 ampire. The best 
economy is obtained with very thin cylindrical filaments 
of high resistance. Flat strips of carbon which expose 
a disproportionate amount of sur&ce, and thick filaments 
in which the mass of carbon is considerable, are open 
to objection. Well-made lamps, if not overheated, will 
last 1 000 to 1 200 hours before the filament disintegrates. 
It is usual to group these lamps in parallel arc between 
the leading main conductor and the return main, so that 
each lamp is independent of the others if the electro- 
motive force of the supply is constant The light 
emitted varies according to the size of lamp from 2 to 
50 candles. There appears to be some difficulty in 
obtaining durable filaments that will beat being made 
incandescent to a higher candle power. 

Lesson XXXIIL — Electromotors {Electromagnetic 
Engines). 

876. Eleotromotore. — Electromagnetic engines, or 
electromotors, are machines in which the motive power 
is derived from electric currents by means of electro- 
magnets. In iSsi Faraday showed a simple case of 
rotation produced between a magnet and a current of 
electricity. In 1831 Henry, and in 1S33 Ritchie, con- 
structed electromagnetic enjpnes producing rotation by 
electromagnetic means. Fig. 141 shows a modification 
of Ritchie's electromotor. An electromagnet DC, is 
poised upon a vertical axis between the poles of a fixed 
magnet (or electromagnet) SN. A current, generated 
by a suitable battery, is carried by wires which teiininate 
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in two merciuy-cnps, A, B, into which dip the ends of 
the coil of the movable electromagnet CD, When a 
current traverses the coil of 
CD it tarns so as to set itself 
in the line between the poles 
NS, but as it swings round, 
the wires that dip into the mer- 
cury-cups pass from one cup 
to the opposite, so that, at the 
moment when C approaches S, 
the current in CD is reversed, 
and C is repelled from S and 
attracted round to N, the cur- 
rent through CD being thus 
reversed every half turn. In ^ 
larger electromotors, the mer- •' 
cury-cup arrangement is replaced | 
by a commutator, consisting of 1 
a brass ring, slit into two or 
more parts, and touched at *■*■ '<'■ 

opposite points by a pair of metallic springs or " contact 
brushes," 

In another form of electromotor, devised by Froment, 
bars of iron fixed upon the drcumference of a rotating 
cylinder are attracted up towards an electromagnet, in 
which the current is automatically broken at the instant 
when each bar has come close up to its poles. In a third 
kind, an electromagnet is made to attract a piece of soft 
iron alternately up and down, with a motion like the 
piston of a steam-engine, which is converted by a crank 
into a rotatory motion. In these cases the difficulty 
occurs that, as the attraction of an electromagnet fells ofl 
nearly in inverse proportion to the square of the distance 
from its poles, die attracting force can only produce 
effective motion through very small distances. 

The dynamo-electric machines of Gramme, Siemens, 
and others, described in Arts. 407 to 41 1, will also woik 
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fts electromotors, and, indeed, are the most efficient of 
electromagnetic engines. 

In 1839 Jacobi propcDed a boat along the river Neva 
at the rate of z^ miles per boar with an electrranagnetic 
engine of aboat one hoise-power, woi^ed by a battery of 
64 large Groyc's cells. 

la 1883 an iron screw-boat cabbie of cairying 13 
persons, and driven by two Siemens' dynamos, with a 
power of about 3 horse-power, the elec tri c it y bdng ftar- 
nished by 45 accnmnlators of the Sellon-Volckmar type, 
has been worked Dpon the Thames at a speed of 8 miles 
per hour. 

Electric railways on which tnuns arc propdled by 
power furnished t^ dynamo-electric generators stationed 
at some fixed point, and communicating with the electro- 
m^netic machineiy of the train either by the rails or by 
a special conductor, have been constructed by Siemens 
in Berliu, and by Edison in Menlo Parte 

876. Meotrio TramamiBsIon of Power to a 
diatanoe^— The increasing use o( dynamo -electric 
machines for electric lighting has revived the problem of 
transmitting power to a distance by electrical means, 
and so utilising waste water-pow^. A mountain stream 
may be made to turn a water-wheel or turbine, and 
drive a dynamo -electric machine, thereby goierating 
currents which can be conveyed 1^ wiies to an electro- 
motor at a distant point, and there rec o n v er t ed into 
mechanical power. Whether such transmis«on is profit- 
able or not depends on the effideney of the machines 
employed. 

377. Theory of BfOoienor of EOeotromotora. — 
If a galvanometer be included in a drcnit with a battery 
and an electromotor, it is found that the current is wtaket 
when the electromotor is working than when the electro- 
motor is standing still, and that the faster the electromotor 
runs the weaker does the battery current become^ This 
is dne to electromagnetic induction (Art. 39 1 ) between the 
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moving and fixed parts of the electromotor, which, as it 
spins round, generates a back-current. The electromotive- 
force due to this inductive action increases with the speed 
of the electromotor, so that the back-current is strongest 
when it runs fastest. If the motor be loaded so as to 
do work by moving slowly against considerable forces, the 
back-current will be small, and only a small proportion 
of the energy of the current will be turned into useful 
work. If it be set to run very quickly, so as to generate 
!L considerable back-current, it will utilise a larger pro- 
portion of the eneigy of the direct current, but can only 
run fast enough to do this if its load be very light. 
Jacobi calculated that the practical efficiency lay between 
these two extremes, and that an electromotor would turn 
the energy of a battery into work in the most effective 
way when it was allowed to do its work at such a speed 
that the battery current was thereby reduced to half its 
strength. This is indeed true if it be desired to do the 
work at the quickest possible rate. But where economy 
in working is desired, and when it is not needfiil to gel 
through the work as rapidly as possible, or to consume 
materials in the battery at a great rate, then a higher 
economic efficiency will be attained by making the electro- 
motor do lighter work and spin at a greater speed ; for 
if the electromotive-force of the battery be E volts, and 
the counter electromotive-force of the motor while running 
be e volts, then the efficiency of the motor (that is to 
say, the ratio which the work it takes up from the cm- 
rent bears to the whole energy of the current) will be 
equal to -g Now if the motor be allowed to run more 
quickly e will increase proportionately, and if it runs 
very quickly e may become very nearly equal to E ; that 
is to say, the motor will utilise very nearly all the energy 
of the current. But since, by Ohm's law, the current is 
= -^, it follows that if e is very nearly as great as E, 
the current will be reduced to a small Section of its 
original strength. The materials of the battery will be 
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more slowly used, and it will take a longer time to do 
the total amount of the work, but the percentage of 
energy of the current turned into work will be higher. 
A good modem dynamo-electric machine (Art, 408) used 
as a motor can attain an efficiency of over 90 per cent 

378. Ooet' of Workliitr. — The cost of working 
electromotors by batteries is great A pound of xinc 
contains only about \ as much potential energy as a 
pound of ccul, and it costs more than twenty times as 
much ; the relative cost for equal amounts of enei^^y is 
therefore about 120 : i. But, as shown above, an elec- 
tromagnetic engine will turn 8 5 per cent of the electric 
energy into work, while even good steam-engines only 
turn about IQ to 30 per cent of the energy of their fuel 
into work, small steam-engines being even less efficient 
But, reckoning electromagnetic engines as being 5 times 
as " efficient " as steam-engines of eqtial power, the 
necessary zinc is still 24 times as dear as the equtvaleni 
amount of coaL This calculation does not take into 
account the cost of acids of the batteries. In fact, 
where strong currents are wanted, batteries are aban- 
doned in favour of dynamo-electric machines, worked by 
steam or water power, or by gas.engine3. 

In the case of transmission of power, as in the preced- 
ing paragraph, the expense may be fitr smaller if the 
original water-power costs little. The dynamo-machine 
may turn 90 per cent of the mechanical power into the 
energy of electric currents, and the electromotor may 
convert back 85 per cent of the current enei^ (or 76 
per cent of the original power) into work. 

378. {pis) Oaloulation of Eleotrio Power. — The 
mechanical work of a current may be calculated as 
bllows : A current whose strength is C conveys through 
&e circuit in I seconds a quantity of electricity = C/. 
But the number of ergs of work W, done by a current 
Is equal to the product of the quantity of electricity into 
the difference of potentials E through which it is traos- 
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aE=w 

Now if W ergs of work are done in / seconds, the rate of 
working is got by dividing W by t; whence 

CE=y 

If C and E are expressed in amphres and volts respec- 
tively, and it is desired to give the rate of working in 
horse-power, it must be remembered that i umpire = 
lO-l C.G.S. units of current ;_ that i volt ==^ lo^ C.G.S. 
units of E.M.F. ; and that i horse-potver (as defined by 
Watt) — 550 foot-pounds per second = 76 kilogramme- 
metres per second = 76 x 10' gramme-centimetres per 
second = 746 x ro' ergs per second, whence 

amfinsX vols _ ^.^^^ ^j- (J^j^g work in H.-P. 

For example, to find the rate at which actual work is 
consumed in an electric lamp : measure the whole current 
in empires; measure the difference of potential between 
the terminals of the lamp in volts ; multiply them to- 
gether and divide by 746 ; the result will be the number 
of horse-power used up in the lamp ; or the rule may be 
written thus r — 

H-P=CEx 0-00134. 

A convenient " electric power-meter" may be made of 
an electrodynamometer (Art 336) having the fixed coil 
of thick wire to receive the whole current, and having 
the movable coil of many turns of thin wire arranged 
as a shunt to the lamp or dynamo whose power is to be 
measured. 

It has been proposed by Preece and by Siemens to 
call the unit of electric power (lU. one ampire working 
through one volt) a liiatt. One horse-power will equal 
7i6 watts, 

1 A 

C3.l;«i;,G00gk 
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CHAPTER VIIL 

TH ERHO-ELECTRIC ITY. 

Lesson XXXIV. — Tkermo-EUdric Currents. 

379. In i833 Seebeck discovered that a current may 
be produced in a closed circuit by heating a point of 
contact of two dissimilar metals. Thus, if a piece of 
bismuth and a piece of antimonybe soldered together, 
and their free ends be connected with a sbort-coil 
galvanometer, it is found that if the junction be warmed 
to a temperature higher than that of the rest of the 
circuit, a current flows whose direction across the heated 
point is from bismuth to antimony, the strength of the 
current being proportional to the excess of temperature; 
If the junction is cooled below the temperature of the 
rest of the circuit a current in the opposite direction is 
generated. The electromotive -force thus set up will 
maintain a constant current so long as the excess of 
temperature of the heated point is kept up, heat being 
all the while absorbed in order to maintain the energy of 
the current. Such currents are called Thenno-electzic 
ouirents, and the electromotive -force producing them 
is known as Thermo-eltctromotive-force. 

380. Paltter EtTeot. — In 1834 Peltier discovered 
a phenomenon which is the converse of that discovered 
by Seebeck. He found that if a current of electricity 
from a battery be passed through a junction of dissimilar 
metals the junction is either heated or cooled, according 
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to the direction of the current. Thus a current which 
passes through a bismuth-antimony pair in the direction 
from bismuth to antimony absorbs heat in passing the 
junction of these metals, and cools it ; whereas, if the 
current flow from antimony to bismuth across the 
junction it evolves heat, and the junction rises in tern- 
perature. 

This phenomenon of heating (or cooling) by a current, 
where it crosses the junction of two dissimilar metals 
(known as the " Peltier effect," to distinguish it from the 
ordinary heating of a circuit where it offers a resistance 
to the current, which is sometimes called the " Joule 
effect "), is utterly different from the evolution of heat in 
a conductor of high resistance, for (a) the Peltier effect 
is reversible, the current heating or cooling the junction 
according to its direction, whereas a current meeting 
with resistance in a' thin wire heats it in whichever 
direction it moves ; and {S) the amount of beat evolved 
or absorbed in the Peltier effect is proportional simply 
to the strength of the current, not to the square of that 
strength as the heat of resistance is. 

The complete law of the heat developed in a. drcnit will 
therefore require to take into accouni any Feltiei effects which 
may exist at metal junctions in the drcnit If the lelter P 
stand for the difference of potential due to the heating of the 
junction, expressed as a fraction of a volt, then the complete 
law of heat is 

H = 0-34 X (CR/ ± PO) 

which the student should compare with Joule's law in ArL 367. 
The quantity called P is also known as M^ catfficieiti of Iht 
Fellitr ifeit ; it has diReieat values fbi different pairs of metals, 
and is numerically equal to the number of ergx of work which 
Me the dynamical equivalent of the heat evolved at a junction 
of the particular metals by the passage of one anr^^ of electricity 
through the junction. 

SSL Thsrmo-eleotrio Laws. — The thermo-electric 
properties of a circuit are best studied by reference to 
the simple circuit of Fig. 142, which represents a 
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bismuth-arilimony pair united by a copper wire. Volta's 
law (Art. 72) concerning the difference of potentials 
due to contact would tell us that when all are at one 
temperature the dif- 
ference of poten- 
tials between bis- 
muth and copper 




Is equal to the sum 
of the differences 
between biscnutli 
and antimony, and 
between antimony 
and copper in the 
other direction, and that hence there would be equilibrium 
between the opposing and equal electromotive -forces. 
But when a junction is heated this equilibrium no longer 
exists and Volta's law ceases to be true. The new 
electromotive-force set up at the healed junction is found 
to obey the following laws : — 

(i.) The tkermo-electromotivt'force is, for Ike same 
pair of melais, proportional (even through con- 
siderable ranges of temperature) to the excess of 
temperaiure of the junction over the rest of Ike 

(ii.) The total thermo-electromotive -farce in a circuit 
is the sum of all the separate thermo-electromative- 
forces at the variotts junctions. 

It follows fl-om this law that the various metals can be 
arranged, as Seebeck found, in a series, according to 
their thermo-electric power, each'one in the series being 
thermo-electrically positive (as bismuth is to antimony) 
toward one lower down, llie following is the thermo- 
eleotrio series of metals, together with the differences 
of potentials (in microvolts) which they exhibit with a 
difference of temperature of I*C, lead being regarded as 
the standard zero metal. 
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+ Bismuth . 


§91097 


German-silvei . 


1175 


Lead 




Platinum . 


- 09 


Tim . . . 


- 37 


Copper , . . 


- 3-8 


Iron. . . . 


- 17-5 




- 33-6 to - 26-4 



A very small amount of impurity may make a great 
difTerencc in the thermo-electric power of a metal, and 
some alloys, and some of the metallic sulphides, as 
galena, exhibit extreme tbenno^lectric power. 

The electromotive -forces due to heating single p^rs 
of metals are very small indeed. If the junction of a 
copper-iron pair be raised i°C above the rest of the 
circuit its electromotive>fbrce is only 137 millionths of a 
volt (»'.«. 13 '7 microvolts). That of the more powerful 
bismuth-antimony pair is for i°C, about 117 microvolts. 

382. Tbermoreleotrio InveraloiL — Gumming dis- 
covered that in the case of iron and other metals an 
inversion of their thermo-electric properties may take 
place at a high temperature. In the case of the copper- 
iron pair the temperature of 280° is a neutral point ; 
below that temperature the current flows through the 
hatter junction from the copper to the iron ; but when 
the circuit is above that temperature iron is thermo- 
elcctrically positive to copper. 

383. Theimo-eleotrio Diagram. — The facts of 
thermo-electricity are best studied by means of the 
diagram (Fig. 143) suggested by Sir W. Thomson and 
constructed by Professor Tail. The horizontal divisions 
represent temperatures, the vertical distances differences 
of potential divided by absolute temperatures, on a scale 
of millionths of volts per degree. These differences are 
measured with respect to the metal lead, which is 
taken as the standard of zero at all temperatures, because, 
while with other metals there appears to be a difference 
of potentials between the metal hot and the same metal 
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cold, hot lead brought into contact with cold lead shows 
no perceptible difference of potential. 



Ad example will illustrate (he usefulness of the diagram. Let 
a circuit be made by uniting at both ends a piece of iron and a 
piece of copper ; ajid let the two junctions be kept at o* and 
100° respectively by melting ice and boiling water. Then the 
total electromotive -force round the circuit is represented by the 
area a, o, -15, i. The slope of the lines for the various metals 
represents the property referred to above, of an electromotive- 
force between diflerenlly heated portions of the same metal 
accompanied by an absorption or evolution of heat when the 
current flows from a hotter (o a colder portion of the same 
metal This effect, known as the Thomson effect from its 
discoverer Sir W. Thomson, is opposite in iron to what it is 
in copper or zinc In copper, when a current of electricity flows 
from a hot to a cold point, it evolves heat in the capper, and it 
absorbs heat when it flows from a cold point to a hot point in 
the copper. Iti iron a current flowing from a hot point to a 
cold point absorbs heat. 

384. Tbermo-eleotrio PUea — In order to increase 
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the electromotive-force of thermo-electric pairs it is usual 
to join a number of pairs of metals (preferably bismuth 
and antimony) in series, but so bent that the allemate 
junctions can be heated as shown in Fig. 144 at B B B, 




Fig' >44' 

whilst the other set A A A are kept cool. The various 

electromotive-forces then all act in the same direaion, 
and the current is increased in proportion to the number 
of pairs of junctions. Powerful thermo-electric batteries 
have been made by Clamond, — an tron-galena battery 
of 120 pairs affording a strong current; but it is 
extremely difficult to maintain them in effective action 
for long, as they fail after continued use, probably 
owing to a permanent molecular change at the junctions. 
In the hands of Melloni .the thermo-electric pile or 
UiennopIIe, constructed of many small pairs of anti- 
mony and bismuth united in a compact form, proved an 
excellent electrical thermometer when used in conjunction 
with a sensitive short-coil astatic galvanometer like that 
of Fig. 88. For the detection of excessively small 
differences of temperature the thermopile is an invaluable 
instrument, the currents being proportional to the differ- 
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ence of temperature between the hotter set of junctions 
on one face of the thermopile and the cooler set on the 
other face. The arrangement of the thermopile and 
galvanometer for this puqwse is shown in Fig. 145. 



cGoogk 
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CHAPTER IX. 

ELECTRO-OPTICS. 

Lksson XXXV.— General Relations between Ught 
and Electricity, 

386. Of late years several important relations have 

been observed between electricity and light. These 

relations may be classified under the following heads : — 

(i.) Production of double refraction by dielectric stress. 

(ii.) Rotation of plane of polarisation of a ray of light 

on traversing a transparent medium placed in a 

magnetic field, or by reflection at the surface of a 

magnet. 

(iii.) Change of electric resistance, exhibited by 

selenium and other bodies during exposure to light 

<iv.) Relation between refractive index and dielectric 

capacity of transparent bodies. 
It was announced by Mrs. SomerviUe, by Zantedeschi, and 
othera, that steel needles could be ms^netised by exposii^ 
portions of them to the action of violet and ulita-violet rayi 
of lighl ; the observations were, however, erroneous. 

386. MeotroBtatlo Optical Stress. — In 1875 Dr. 
Kerr of Glasgow discovered that glass when subjected to 
a severe electrostatic stress undergoes an aaual strain, 
which can be observed by the aid of a beam of polarised 
light In the original experiment two wires were fixed 
into holes drilled in a slab of glass, but not quite meeting, 
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so that when these were placed in connection with the 
terminals of an induction coil or of a Holtz machine the 
accumulating charges on the wires subjeaed the inter- 
vening dielectric to an elearostatic stress. The slab 
when placed between two Nicol prisms as polariser and 
analyser' exhibited double refraction. The behaviour of 
the glass was as if it had been subjected to a pull along 
the direction of the electric force, i.e., as if it had ex- 
panded along the lines of electrostatic induction. Later, 
he found that bisulphide of carbon and other insulating 
liquids exhibit similar phenomena, but that of these the 
fatty oils of animal and vegetable origin exhibited an 
action in the negative direction, as if they had contracted 
along the lines of induction. It is found that Iht 
quaniily o/opticiil tffect {i.e., the difTerencc of retardation 
between the ordinary and extraordinary rays) per unit 
thickness of the dielectric is proportional to the square of 
Ihe resultant electric force. The axis of double refraction 
is along the line of the electric force. Quincke has 
pointed out that these phenomena can be explained by 
the existence of electrostatic expansions and contractions, 
stated in Art 273. 

387. Maffneto-optio StotatloQ of the Plane of 
PoIarisatioD of a Bay of Lisbt — A ray of light 
is said to be polarised if the vibrations take place in one 
plane. Ordinary light can be reduced to this condition 
by passing it through a suitable polarising apparatus 
(such as a Nicol prism, a thin slice of tourmaline crystal, 
etc) In 1845 Faraday discovered that a ray polarised 
in a certain plane can be twisted round by the action 
of a magnet, so that the vibrations are executed in a 
difTerent plane. The plane in which a ray is polarised 
can be detected by observing it through a second Nicol 
prism (or tourmaline), for each such polariser is opaque 
to rays polarised in a plane at right angles to that plane 

1 The lludenl il referral to Prof. Buifoui 
317 FliTiki for further mfofnutjop coaceEnini 
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in which it would itself polarise light. Faraday caused 
a polarised ray to pass through a piece of a certain 
" heavy glass " (consisting chiefly of borate of lead), 
lying in a powerful magnetic field, between the poles 
of a large electromagnet, through the coils of which a 
current could be sent at pleasure. The emerging ray 
traversed a second Nicol prism which had been turned 
roimd until all the light was extinguished. In this posi- 
tion its own plane of symmetry was at right angles to the 
plane of polarisation of the ray. On completing the cir- 
cuit, light was at once seen through the analysing Nicol 
prism, proving that the ray had been twisted round into 
a new position, in which its plane of polarisation was no 
longer at right angles to the plane of symmetry of the 
analyser. But if the analysing Nicol prism was itseU 
turned round, a new position could be found (at right 
angles to the plane of polarisation of the ray) at which 
the light was once more extinguished. 7fe direction of 
tht tnagntlo-optic rotation of the plant of polarisation is 
the lame (for diamagrtetic media) as that in -which thi 
current flows which produces the magnetism. Verdet, 
who repeated Faraday's experiments, using powerful 
electromagnets of the form shown in Fig. 127, dis- 
covered the important law that, with a given material, 
the amount of rotation is proportional to the strength oj 
the magnetic force H. In case the rays do not pass 
straight along ihe direction of the lines of force (which 
is the direction of maximum effect), the amount of rota- 
tion is proportional to the cosine of the angle j3 between 
ihe direction of Ike ray and the lines 0/ force. It is also 
proportional tc the length I of the material through 
■which the rays pass. These laws are combined in the 
equation for the rotation i ; 

* = a. ■ H ■ cos ,8 ■ /, 
where w is a coefficient which represents the specific 
magnetic rotatory power of the given substance, and is 
known as " Verdets constant." Now, H 'Cos 6 is the 
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resolved part of the magnetic force in the direction at 
the ray; and Hcas^i is the difference of magnetic 
potential' between the point A where the ray enters and 
B where it leaves the medium. Hence w, the coefficient 
of specific magnetic rotatory power, is found by divid- 
ing the observed angular rotation by the diSerence of 
magnetic potential between the points where the ray 
enters and leaves the medium ; or 



Different substances possess different magnetic rotatcHy 
powers. For diamagnetic substances the coefficient is 
usually positive ; but in the case of many m^netic 
substances, such as solutions of ferric chloride, has a 
negative value ; (i.e. in these substances the rotation is 
in the opposite direction to that in which the magnetising 
current flows). The phenomenon discovered by Hall 
(Art. 337) appears to be intimately related to the 
phenomenon of magneto-optic rotation. 



CocfEdenlDfSpeciSc 
ManKtic RoutiDn, Kocuon 

(Vcnlet'iCaiiiaiubiCaS.) Poirer. 



Bisulphide of Caibon 
Water . 
Heavy glass . 



15235 X 
■4693 X 
3-665 ^ 



I ■42a 



t, for purposes of refisrence, to take the 
rotatory power of bisulphide of carbon as unity. Carefiil 
measurements executed by J. E. H. Gordon have shown 
that the rotatory power of bisulphide of carbon, thus 
assumed as a standard, must he multiplied by 1*5335 x 
io~^ to reduce it to C. G. S. measure ; for he finds that 

1 For /trra X Unetk > vietkl . 
mifiHtic pol« ftoa A to B ugai 
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this is the number of radians through which a polarised 
ray of green light (of thallium flame) will be rotated by 
traversing unit difference of potential. For rays of 
diflerent colours the rotation is not equal, but varies 
(very nearly) inversely as the square of the wave-length ; 
the rotation by bisulphide of carbon of red, green, and 
blue light (rays "C," "E," and "G"), being respectively 
as -fio, I -oo, and i -65. H. Becquerel, who gave this law, 
also found that for substances of similar nature the rota, 
tion depends on the refractive index, but in rather a com- 
plicated relation, being proportional to /i» (/i' - i); 
where p, is the refractive index. 

Gases also rotate the plane of polarisation of light in 
a magnetic field with varying amounts; coal-gas and 
carbooic acid being more powerful than dr or hydrogen ; 
oxygen and ozone being negative. The rotation is in all 
cases very slight, and varies for any gas in proportion to 
the density — that is to the quantity of gas traversed. H. 
Becquerel has lately shown that the plane of the natural 
polarisation of the sky does not coincide with the plane 
of the sun, but is rotated by the influence of the earth's 
magnetism through an angle which, however, only reached 
59' of arc at a maximum on the m^netic meridian. 

388. Photo - ma^etio Properi^iea of Iron. — Dr. Ken 
ihowed in 1B77 that a ray of polarised light is also rotated 
when reJUcUd of the surface ef a magnet or electromagnet 
When the light is reflected at a pole (he plane of polarisation is 
turned in a direction contrary to that in which the magnetising 
current flows. If the light is reflected at a point on the sMk of 
the magnet it is found that when the plane of polarisation ii 
parallel to the plane of incidence the rotation is in the same 
direction as that of the magnetising current ; but that, when the 
plane of polarisation is perpendicu1a.r to the plane of incidence, 
the rotation is in the same direction as that of the magnetising 
current only when the incidence exceeds 75°. 

Kundt showed in 1884 that a film of metallic iron so thin as 
to be transparent, placed across the lines of force of the magnetic 
field, rotates the plane of poUrisation of transmitted light 
■trongly in the direction in which the magnetising cairent flows. 
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889. Photo-Toltido Properties of Selenlozn.— 
In 1875 Willoughby Smith discovered that the metal 
lelenium possesses the abnormal property of changing 
its electric resistance under the influence of light 
Ordinary fiised or vitreous selenium is a very bad 
conductor ; its resistance being nearly forty -thousand- 
million (3'8 X io'°) times as great as that of copper. 
When carefully annealed (by keeping for some hours at 
a temperature of about 220°C, just below its fiising 
point, and subsequent slow cooling), it assumes a crystal- 
line condition, in which its electric resistance is consider- 
ably reduced. In the latter condition, especially, it is 
sensitive to light. Prof W. G. Adams found that green- 
ish-yellow rays were the most eflective. He also showed 
that lh£ ckange of electric resistance varies directly at 
the square root of the illumination, and that the resist- 
ance is less with a high electromotive-force than a 
low one. Lately, Prof. Graham Bell and Mr. Sumner 
Tainter have devised forms of " selenium cells," in which 
the selenium is formed into narrow strips between the 
edges of broad conducting plates of brass, thus securing 
both a reduction of the transverse resistance and a laige 
amount of surface-exposure to hght Thus a cell, whose 
resistance in the dark was 300 ohms, when exposed to 
sunlight had a resistance of but 1 50 ohms. This pro- 
perty of selenium the latter experimenters have applied 
in the construction of the Photophone, an instrument 
which transmits sounds to a distance by means of a 
beam of light reflected to a distant spot from a thin 
mirror thrown into vibrations by the voice ; the beam 
falling, consequendy, with varying intensity upon a re- 
ceiver of selenium connected in circuit with a small 
battery and a Bell telephone (Art. 435) in which the 
sounds are reproduced by the variations of the current. 

Similar properties are possessed, to a smaller d<^ee, 
by tellurium. Carhon is also sensitive to light. 

About the middle of the present century Becqnerel 
showed that when two plates of silver, coated with 
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freshly deposited chloride of silverj are placed in a cell 
with water and connected with a galvanometer, a current 
is observed to pass when light falls upon one of the two 
plates, the exposed plate acting as a negative pole. 

88a Eleotromaffnetlo Tbeoir of Lls:ht. — Oeric 
Maxwell proposed a theory of the relation between 
electromagnetic phenomena and the phenomena of light, 
based upon the assumption that each of these are due to 
certain modes of motion in the all-pervading "alher" of 
space, the phenomena of electric currents and magnets 
being due to streams and whirls, ot other bodily move- 
ments in the substance of the fcther, while light is due 
to vibrations to and fro in it 

We have seen (Arts. 115, 338, and 387) what evidence there 
is for thinking that magnetism is a phenomenon of rotation, 
there beii^ a rotation of sffrnetiing around an axis Ij'ing in the 
direction of the magnetisation. Such a theory nuuld explain 
the rotation of the plane of polarisation of a ray passing through 
a magnetic field. For a ray of plane-polarised light may be con- 
ceived of as condsting of a pair of (oppo^tety) circularly-polarised 
waves, in which the right-handed rotation in one lay is peiiodi- 
calty counteracted hy an tq\ial left-handed rotation in the olhei 
ray ; and if such a motion were imparted to a medium in which 
there were superposed a rotation (such as ne conceive to take 
place in every magnetic field) about tlic s-Tine direction, one of 
these circularly- polarised rays would be accelerated and the other 
retarded, so that, when they were again compounded into a 
dngle plane-polarised ray, this plane would not coincide with the 
original plane of polarisation, but would be apparently turned 
round through an angle proporliooal to the superposed rotation. 

It was pointed out (Art. 337) that an electric dis- 
placement produces a magnetic force at right angles to 
itself; it also produces (by the peculiar action known as 
induction) an electric force which is propagated at right 
angles both to the eleatric displacement and to the mag- 
netic force. Now it is known that in the propagation of 
light the actual displacements or vibrations which con- 
stitute the so-called ray of light are executed in directions 
at right angles to the direaion of propagation. This 
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analogy is an importaLnt point in the theory, and 
immediately suggests the question whether the respective 
rates of propagation are the same. Now the velocity 
of propagation of electromagnetic induction is that 
velocity "v" which was shown (Art. 365) to represent 
the ratio between the electrostatic and the electro- 
magnetic units, and which (in air) is believed to be 

Z'9857 X 10" centimetres per second. 
And the velocity of light (in air) has been repeatedly 
measured (by Fiieau, Comu, Michelson, and others) 
giving as the approximate value 

2'9992 X 10" centimetres per second. 
The close agreement of these figures is at least remarkable. 
Amongst other malhematical deductions from the theory may be 
mentioned the following : {i.) all true conductors of electricity 
must be opaque' to light; (jj.) for transparent media the 
specific inductive capacity ought to be equal to the square ol 
the index of refraction. Experiments by Gordon, Boltzmann, 
and others, show this lo be approximately true for waves of very 
great wave-length. The values are shown below. For gases 
(he agreement is even closer. 



I Miffii£ that ajda. 



Flint Glass . 
Bisulphide of Caibon 
Sulphur (mean) 
Paraffin. 


K. 


V. 


3-1 6a 

|-8l2 

4"5i 
333 


3796 
3 '606 

4-034 
2-33 
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Prof. H. Horn has shown (1883) 
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CHAPTER X. 

INDUCTION CURRENTS (Ms^neto-ElectHcity). 

Lesson XXXVL — Currents produced fy Induction. 

SQL In 1831 Faraday discovered that currents can 
be induced in a closed circuit by moving magnets neat 
it, or by moving the rircuit across the magnetic field, 
and he followed up this discovery by finding that a 
current whose strength is changing may induce a 
secondary current in a closed circuit near it. Such 
currents, whether produced by magnets or by other 
currents, are known as iQduotlon Ouirents. And 
(he action of a magnet or current in producing such 
induced currents is termed eleotromaBndtlo luduo- 
tlon.' 

392. Indnotion Currents produced b7 a Mas- 
net.-— If a coil of insulated wire be connected in circuit 
with a delicate (long-coil) galvanometer, and a magnet 
be inserted rapidly into the hollow of the coil (as in Fig. 

phenomenan of Ihe electnaUtic 11 

ootioa of nugirtU mu lenoed mtputo^Uctriciiy- 
ftdjcctives mMffKtta^Uctrii and tUtitv-magHfiie 
pTDduciloD of clcclriciiy riom magneliua, and of mai 
in, il u DUE. l«o diilinct openciani : but bolh uo 
of kIcbcc dtmmiutid EUcirtmitgiulia. 
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146), a momentary a 
the circuit while the 1 
coil. So long as the r 
it induces no currents. 



rrent is observed to flow round 
lagnet is being moved into the 
agnet lies motionless in the coil 
But if it be rapidly pulled out of 
the coil another momentary 
current will be observed to 
flow, and in the opposite direc- 
tion to the former. The in- 
duced current caused by in- 
serting the magnet is an 
inverse current, or is in the 
opposite direction to that 
which would magnetise the 
magnet with its existing polar- 
ity. The induced current 
caused by withdrawing the 
\ magnet is a direct current 
Precisely the same effect is 
produced if the coil be moved 
towards the magnet as if the 
magnet were moved toward 
rapid the motion is, the stronger 
are the induced currents. 

393. Induotion Ourreote produced by Our- 
rents. — Faraday also showed that the approach or 
recession of a current might induce a current in a closed 
circuit near it. This may be conveniently shown as an 
experiment by the apparatus of Fig. 147, 

A coil is joined up to a sensitive galvanometer as 
before. A smaller coil of stout wire is connected to the 
poles of a battery (a single Bunsen's cell in Fig. 147), so 
as to be traversed by a current. On approaching or 
inserting the smaller or "primary'" coil into the larger 
or '■^secondary" coil, a momentary inverse current is 
produced ; and on removing it a momentary direct 
current (j>., one which runs the same way round the 
outer secondary coil as the primary current which 



Fig. .<6. 

the coil. The 
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circulates in the inner coil) is observed. Breaking the 
battery circuit while the primary coil lies still within the 



secondary outer coil produces the same effect as if the 
primary coil were suddenly removed to an infinite dis- 
tance. Making the battery drcuit while the primary 
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coil lies within the secondaiy produces the same effect 
as plunging it suddenly into ib.e coiL 

So long as a steady current traverses the primary 
circuit there are no induced currents in the secondary 
circuit, unless there is relative motion between the two 
circuits : but moving the secondary circuit towards the 
primary has just the same effisct as moving the primary 
circuit towards the secondary, and vice versa. 

We may tabulate these results as follows : — 



By 
of 


Momenuty IBTWM 
currents big induced 
in the secondary circuit 


cunents are induced 
in the secondary circuit 


Magnet 


while appraaching. 


while raiding. 


Cunent 


while afpr«uhing, 

or tanning. 

or itKrasing in stieneth- 


while reading, 

sending, 

or darttaing in strength. 



894. Ftmdamental Laws of Indnotlon. — When 
we reflect that every circuit traversed by a current has a 
field of magnetic force of its own in which there are lines- 
of-force running through the circuit (Art. 192), and that a 
coil of many turns has a field in which the lines-of-force 
are distributed almost identically as those of a magnet 
are, we shall see that the facts tabulated in the preceding 
paragraph may be summed up in the following funda- 
mental laws :— 

(i.) A decreaie in the number of lines-ef-Jorce ■which 
pass through a circuit produces a current round 
the circuit in the positive direction (i.e., produces 
a " direct " current) ; -while an increase in the 
number of lines-offeree which pass through the 
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Here we suppose thefiosi'livi direction along llnes-of-rorce to 

be the dicection along which a free N. -pole woold teod to move, 

and positiTe direction round the circuit to be the same as Ibe 

direction in which the hands of a clock move. {Seea^p. 375.) 

(ii.) TJie (olai induced electromotvue -force acting 

round a closed circuit is equal to the rate of 

decrease in the number of lines -of -force vihick 

^ass through the circuit. 

Suppose Bt first the number of lines-of-force passing (hrough 

the circuit to be Nj, and that after a very short interval of time, 

t, Ihef are N,, then the total induced electiomoCive-force E is 

Bf Ohm's [aw, C = E -i- R, therefore 



If Nf is greater than N„ and there is an imriasi in the number 
of lines.of- force, then N, — N, will be a negative quantitf, and 
C will have a n^ative sign, showing that the current is an 

A reference to Fig. 1 34 will make this important Uw clearer. 
Suppose ABCD to be a wire circuit of which the piece AB can 
slide along DA and CB towards S and T. Let the vertical 
arrows represent vertical lines of force in a uniform magnetic 
field, and show (as is the case with the vertical components 
of the earth's lines-of-force in the northern hemisphere) the 
direction in which a N. -pointing pole would move if [tee. The 
positive direction of these lines of force is therefore vertically 
downwards through the dicuit. Now if AB slide towards ST 
with a uniform velocity it will cut a certain number of lines-of- 
force every second, and a certain number will be added during 
every second of lime to the total number passing through the 
drcuit. If N, be (he number at the beginning, and N, that at 
the end of a circuit, N, — N, will be a negative quantity, and 
there will be an electromotive -force round the circuit whose 
direction through the sliding piece is from A towards B. 

896, The following adaptation of Ampere's rule to the caai 
of induction may be useful ,- Sufposi afgure smmmmg in amf 
etndttclor la turn ta ei te Ifoi along Iht l^titive direcHen if M() 
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lints-of-farci, that if ht and the conductor bt numtd tmoards Hi 
right hand he will 6c swimming -wilh the ^rratl indtued by tkil 
molian ; if he be moved towards his left hand, the current will 
be against him. 

396. Lenz'a Law. — In Art. 310 it was laid <town that > 
circuit traversed by a current experiences a force tending to 
move it so as to include the greatest possible ntunber of lines- 
of-force in the embrace of the circuit. But if the number o( 
lines-of.force be increased, during the increase there will be an 
oppostag (or negative) electromotive -force set up, which will 
tend to stop the original current, and thKefore tend to stop the 
motion. If there be no current to begin with, the motion will 
generate one, which being in a n^ative direction wiU tend to 
diminish the number of lines ■ of - force passing tlirough the 
circuit, and so stop the motion. Lenz, in 1S34, summed a[ 
the matter by saying that in all casci ef electromagnetic induction 
lie induced currents kctvt sack a directum that their rtactien 
tends le slop the motim which producet them. This is known 
as Lem's Law. 

387. Mutual Induction of Two Oiroolts. — In 
Art.320 it was shown that when two circuits, in which 
currents of unit strength are flawing, are placed near 
together, they have a mutual potential whose value we 
called M. This symbol M, upon investigation, was 
found to represent the ntunber of lines -of- force which 
each circuit induced through the other circuit, or was 
"the ntunber of each other's lines -of- force mutually 
intercepted by both circuits when each carries unit 
current." This number depended upon the fonn and 
position of the circuits, and was greatest when they 
were brought as near together as possible. Hence 
we may regard this quantity M as the " coefficient 
of mutual induction " of the two circuits ; and any 
movement of either circuit which alters the number 
of lines-of-force passing mutually through them, will 
be accompanied by the production of induced cur- 
rents in each. It can be shown mathematically that 
in the case of two simple circular circuits of equal size, 
enclosing area S, the greatest number of lines-of-foicfc 
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each can induce through the other, when each carries 
unit current, is 4jrS, which is the maximum value of 
M. If the circuits are not simple, but have respectively 
m turns and « turns, then the value of M will be 
4jrS X mn, when the circuits coincide with each other. 

308. The Induotion Ooil — Induced currents have 
in general enormously high electromotive-forces, and are 
able to spark across spaces that ordinary battery cur- 
rents cannot possibly cross. In order to observe these 
effects a piece of apparatus invented by MasoD, and im- 
proved by Ruhmkorff, and termed the Induotion Ooil or 
Inductorium (Fig. 148), is used. The induction coil con- 
sists of a cylindrical bobbin having a central iron core 



Fig. ,48. 

surrounded by a short inner or " primary " coil of stout 
wire, and by an outer " secondary" coil consisting of many 
thousand turns of very fine wire, very carefully insulated 
between its different parts. The primary circuit is joined 
to (he terminals of a few powerful Grove's or Bunsen's 
cells, and in it are also included an interrupfor, and a 
r key. The object of the interrupter is 
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to make and break the primary circuit in rapid suc- 
cession. The result of this is at every " make " to induce 
in the outer "secondary" circuit a momentary inverse' 
current, and at every " break " a powerful momentary 
direct current. The currents at " make " are sup- 
pressed, as explained below ; the currents at " break " 
manifest themselves as a brilliant torrent of sparks 
between the ends of the secondary wires when brought 
near enough together. The primary coil is made of 
stout wire, that it may carry strong currents, and produce 
a powerful magnetic field at the centre, and is made of 
few turns to keep the resistance low, and to avoid self- 
induction of the primary current on itself The central 
iron core is for the purpose of increasing, by its great 
coefficient of magnetic induction, the number of lines- 
of-force that pass through the coils; it is usually made 
of a bundle of fine wires to avoid the induction currents, 
which if it were a solid bar would be set circulating in 
it, and which would retard its rapidity of magnetisation 
or demagnetisation. The secondary coil is made with 
many turns, in order that the coefficient of mutual 
induaion may be large ; and as the electromotive-force 
of the induced currents will be thousands of volts, its 
resistance will be immaterial, and it may be made of the 
thinnest wire that can conveniently be wound. In Mr. 
Spottiswoode's giant Induction Coil (which yields a 
spark of 42^ inches' length in air, when worked with 30 
Grove's cells), the secondary coil contains 280 miles of 
wire, wound in 340,000 turns, and has a resistance of 

The interruptors of induction coils arc usually self- 
acting. That of Foucault, shown with the coil in Fig. 
148, consists of an arm of brass L, which dips a platinum 
wire into a cup of mercury M, from which it draws the 
point out, so breaking circuit, in consequence of its 
other end being attracted toward the core of the coil 
whenever it is magnetised ; the arm being drawn back 
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again by a spring when, on the breaking of the circuit, 
the core ceases to be a magnet. A more common 
tnterruptor on small coils is a "break," consisting of a 
piece of thin steel which makes contact with a platinum 
point, and which is drawn back bjr the attraction of the 
core on the passing of a current ; and so makes and 
breaks circuit by vibrating backwards and forwards just 
as does the hammer of an ordinary electric bell. 

Associated with the primary circuit of a coil is usually 
a small condenser, made of alternate layers of tinfoil and 
paraffined paper, into which the current flows whenever 
circuit is broken. The object of the condenser is, firstly, 
to make the break of circuit more sudden by preventing 
the spark of the "extra-current " (due to self-induction 
in the primary circuit) (Art. 404) from leaping across 
the interruptor ; and, secondly, to store up the electricity 
of this self-induced extra-current at break for a brief 
instant, and then discharge it back through the primary 
coil so as to hasten demagnetisation and so augment 
the induced direct electromotive-force in the secondary 
coil. 

399. BtihmkorfTB Oommutatcur. — In order to 
cut off or reverse the direction of the battery current at 
will, Ruhmkorff invented the oommutator or ourrent- 
reverser, shown in Fig. 149. In this instrument the 
battery poles are connected through the ends of the 
axis of a small ivory or ebonite cylinder to two cheeks 
of brass V and V, which can be turned so as to place 
them either way in contact with two vertical springs B 
and C, which are joined to the ends of the primary coil. 
Many other forms of commutator have been devised \ 
one, much used as a key for telegraphic signalling, is 
drawn in Fig. I 59. 

400. Luminous Bffeots of Induction Sparks.— 
The induction coil furnishes a rapid succession of sparks 
with which all the effects of disruptive discharge may be 
studied. These sparks differ only in degree fi:om those 
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furnished by friction machines and by Lcyden jars (« 
Lesson XXIII on Phenomena of Discharge). 




For study ng d scharge through |,lass vessels and tubes 
from wh ch the air has been pan ally exhausted, the 
coil IS ery useful F g 1 50 Uustrates one of the 
many beaut ful effects wl ch can he obtained, the spark 
expand ng in the rarefied g 5 nio fl ckering sheets of 
1 ght exh b t ng str -e and other con pi cated phenomena. 

40L Ourrents Induoed In Masses of MetaL — 
A magnet mo ed nor a sol d mass or plate of melal 
induces n it currents v-h ch n flo ng through it from 
one po nt to another ha e the r energy eventually 
fhttered down mio heat ind which whle they last, 
produce (in accordance w th Lenz s law) electromagnetic 
forces tend ng to stop the mot on Se eral curious 
instances of th s are kno n Arago d scovered that 
when a d sc of copper s rotited n ts o n plane under 
a magnet c needle the needle turns round and follows 
the d sc and f a magne s rotated beneath a balanced 
meial disc the d sc follows t! e magnet Attempts were 
made to account for these phenomena — known as 
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Arago's rotations — by supposing there to be a sort of 
magnetism of rotation, until Faraday proved them to 
be due to induction. A 
magnetic needle set swing- 
ing on its pivot comes to 
rest sooner if a copper disc 
lies beneath it, the induced 
currents stopping it. If a 
cube or disc of good con- 
ducting metal be set spin- 
ning between the poles of 
such an electromagnet as 
that drawn in Fig. 127, 
and the current be suddenly 
turned on, thespinning metal 
stops suddenly. If, by sheer 
force, a disc be kept spin- 
ning between the poles of 
a powerful electromagnet it 
will get hot in consequence 
of the induced currents flow- 
ing through it. In feet, 
any conductor moved forc- 
ibly across the line s- of - 
force of a magnetic field 
experiences a mechanical 
resistance due to the in- 
duced currents which ojk 
pose its motion. 

402. Induotton - our- 
renta from Earth's Ma^- Fie- 15a 

netJsUL— It is easy to ob- 
tain induced currents from the earth's magnetism. A 
coil of fine wire joined to a long-coil galvanometer, when 
suddenly inverted, cuts the lines -of- force of the earth's 
magnetism, and is traversed accordingly by a current. 

Faraday, indeed, applied this method to investigate 
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the direction and number of lines-of-force. If a small 
wire coil be joined in circuit with a long-coil galvan- 
ometer having a heavy needle, and the little coil be sudr 
denly inverted while in a magnetic lield, it wiU cut all 
the lines-of-force that pass through its own area, and 
the sine of half the angle of the first swing (see Art 
204) will be proportional to the number of lines <A 
force cut ; for with a slow-moving needle, the total quan- 
tity of electricity that flows through the coils will be the 
integral whole of all the separate quantities conveyed 
by the induced currents, strong or weak, which flow 
round the circuit during the rapid process of cutting 
the lines-of-force ; and the little coil acts therefore as a 
magnetic proof-plmie. 

If the circuit be moved parallel to itself across a uni- 
form magnetic field there will be no induction currents, 
for just as many lines-of-force will be cut in moving 
ahead in front as are left behind. There will be no cur- 
rent in a wire moved parallel to itself along a line-of-force ; 
nor if it lie along such a line while a current is sent 
through it will it experience any mechanical force. 

40a Earth Ourrents. — The variations of the 
earth's magnetism, mentioned in Lesson XII., alter the 
number of lines-of-force which pass through the tele- 
graphic circuits, and hence induce in them disturbances 
which are known as " earth currents." During magnetic 
storms the earth currents ou the British lines of telegraph 
have been known to attain a strength of 40 milli-amp^res, 
which is stronger than the usual working currents. 
Feeble earth currents are observed every day, and are 
more or less periodic in character. 

404. Self-Induotion : Extra Ouirents. — In Art. 
397 the induction of one circuit upKm another was ex- 
plained, and was shown to depend upon the number of 
lines-of-force due to one circuit whidi passed through 
the other, the coefficient of mutual induction M being 
the number of mutual lines-of-force embraced by both 
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circuits when each carried unit current. Now, if two 
such circuits approach one another so as actually to 
coincide, the mutual induction becomes a aelf-induo- 
tlon of the circuit on itself. For every circuit there is a 
coefficient of itlf-induction, whose value depends upon the 
form of the circuit, and which will be greater if the 
circuit be coiled up into many turns, so that one loop of 
the circuit can induce lines-of- force through another loop 
of the same. Let L represent the coefficient of self-in- 
duction of one circuit, and L' that of a second circuit 
equal to the first. When these two circuits coincide with 
one another their coefficient of mutual induction [i.e., the 
number of lines-of- force running through both circuits, 
each carrying unit current) M will be equal to L -t L'; 
or, L = I M. Now for two coincident circuits having 
n turns each, and each of area S (by Art. 397), 

M = 47rS««; 
hence the coefficient of self-induction for one circuit 
of n turns coiled up in one plane, 
L = 4irSn'. 
The existence of self-induction in a circuit is attested by 
the so-called extra-ourrent, which makes its appear- 
ance as a bright spark at the moment of breaking circuit 
If the circuit be a simple one, and consist of a straight 
wire and a parallel return wire, there will be little or no 
self-induction ; but if the circuit be coiled up, especially if 
it be coiled round an iron bar, as in an electromagnet, 
then on breaking circuit there will be a brilliant spark, and 
a person holding the two ends of the wires between which 
the circuit is broken may receive a slight shock, owing 
to the high electromotive- force of this self-induced extra 
current. The extra . current due to self-induction on 
"making" circuit is an inverse current, and gives no spark, 
but it prevents the battery current from rising at once to 
its full value. The extra-current on breaking circuit is 
a direct current, and therefore increases the strength of 
tho current just at the moment when it ceases altogether. 
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406. HelmholtE'a Eqaktiou — Helmholtz, who investi- 
gated mathematically the effect of self-induct ion upon the strength 
of a current, deduced the following important equations to ex- 
press the relation between the self-induction of a circuit and ibc 
time requited to establish the current at full strength ; — 

The current of self-induction at any moment will be propor- 
tional to the rale at which the current is increasing in strength. 
Let T represent a very short interval of time, and let the cuirenl 
increase during that short interval from C to C +(. The actual 
increase during the interval is c, and the rate of increase in 
strength b ^. Hence, if the coefficient of setf-tndiiction be L, 
the electromotive-force of self-induction will be - L^ and, if 
the whole resistance of the circuit be R, the strength of the 
opposing estra-current will be- g.^ during the short interval 
T ; and hence the actual strength of cunenl flowing in the 
circuit during that short interval instead of being (as by Ohm's 
Law it would be if the current were steady) C-E-^R, will be 



To find out the strength at which the current will have arrived 
after a time I made up of a number of such small intervals added 
tc^ether requires an application of the integral calculus, which 
at once gives the foUowtog result ; — 



i(.-.-a 



(where < is the base of the natural It^rithms). 

Put into words, this expression amounts to saying that after 
a lapse of I seconds tie self-inAieti'm in a circuit mt making 
contact has the effect of diminishing the strength of the current fy 
a quantity, the logarithm of vihest recipracal is imilrstly prepor- 
tioncU IB the cecfficieni of self-itiducticn, and directly prejiorlicmal 
to the resistance of the circuit and to the timt that has elapsed 
since maiing circuit, 

A very brief consideration wiU show that in those cases where 
the circuit is so arranged that the coethcient of self-induction, 
L, is small as compared with the resistance R, the friction r 
will have a high value, and the term (,'r') will vanish from 
the equation for all appreciable values at I, 
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Where, however, L is Urge as compared wilh R, es In long 
coils, long lines of telegraph cable, etc., the value of this term, 
which stands fot the telardalinn due lo iclf-induclinn, mny 
become considerable. 

406. Induced Currents of Higher Orders. — 
Professor Henry discovered that the variations in the 
strength of the secondary current could induce tertiary 
currents in a third closed circuit, and that variations in 
the tertiary currents might induce currents of a fourth 
order, and so on. A single sudden primary current pro- 
duces therefore two secondary currents (one inverse and 
one direct), each of these prCKluces two tertiary currents, 
or four tertiary currents in all. But where the primary 
current simply varies in strength in a periodic rise and 
fall, — as when a musical note is transmitted by a micro- 
phone or telephone (Art. 435), — there will be the same 
number of secondary and tertiary fluctuations as of 
primary, each separate induction involving, however, a 
retardation of a quarter of the full period. 

406 (bis). Tranafonuera.'Of late years a new use has 
been found for induction-coils for the distribution of rapidly 
alternating currents (see Art. 41 1 d) for electric lighting. Such 
induction-coils, known as tranaformerfi, usually consist of a 
core of thin plates or wires of iron, interlaced wilh two sets o( 
copper-wire coils, a primary consisting of manjr turns of thin 
wire, to receive the incoming small cunrenis at high potential, 
and a sec<Hidary consistii^ of a few turns of thick wire, to deliver 
the la^ currents which go out at low potential lo the lamps. 
The number of watts given out by the secondary is, in a welt- 
constructed transformer, equal, within a very small percentage 
to the number of waits supplied to Ibe primary coil ; whilst the 
volts of the secondary are lo the volts at the primary in pro- 
portion to the respective number of turns in the two coils. 

Lesson XXXVII. — Magneto-tkctric and Dynamo- 
electric Generators. 

407. Faraday's discovery of the induMion of currents 
in wires by moving them across a magnetic field sug- 
gested the construction of masneto-eleotrio maohlnefl 
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to generate currents in place of voltfuc batteries, la 
the eariy attempts of Pixii (1S33), Saxton, and Clarke^ 
bobbins of insulated wire were fixed to an axis and spun 
rapidly in front of the poles of strong steel magnets. 
But, since the currents thus generated were alternately 
inverse and direct currents, a commutator (which rotated 
with the coils) was fixed to the axis to turn the successive 
currents all into the same direction. The little magneto- 
electric machines, still sold by opticians, are on this 
principle. Holmes and Van Malderen constructed more 
powerful machines, the latter getting a nearer approach 
to a continuous current by combining around one axis 
sixty-four separate coils rotating between the poles ol 
forty powerful magnets. 

In 1856 Siemens devised an improved armature, in 
which the coils of wire were wound Ungthw<^s along 
a spindle of peculiar form, thereby gaining the advantage 
of being able to cut a greater number of lines-of-force 
when rotated in the powerAil " field " between the poles 
of a series of adjacent steel magnets. The next im- 
provement, due to Wilde, was the employment of elec- 
tromagnets instead of steel magnets for producing the 
" field " in which the armature revolved ; these electro- 
magnets being excited by currents furnished by a small 
auxiliary magneto-electric machine, also kept in rotation. 

408. Dynamo-oleotrlo Maohinoa^In 1867 the 
suggestion was made simultaneously, but independently, 
by Siemens and by Wheatstone, that a coil rotating 
between the poles of an electromagnet might from the 
feeble residual magnetism induce a small current, which, 
when transmitted through the coils of the electromagnet, 
might exalt its magnetism, and so prepare it to induce 
stiU stronger currents. Magneto-electric machines con- 
structed on this principle, the coils of their field-magnets 
being placed in circuit with the coils of the rotating 
armature, so as to be traversed by the whole or by a 
portion of the induced currents, are known as d 
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eleotrlo machines or generators, to distinguish them 
from the generators in which permanent steel magnets 
are employed. In either case the current is due to 
magneto-electric induction ; and in either case also the 
energy of the currents so induced is derived from the 
dynamical power of the steam-engine or other motor 
which performs the work of moving the rotating coils 
of wire in the magnetic field. Of the many modern 
machines on this principle the most femous are those of 
Siemens, Gramme, Brush, and Edison. They differ 
chiefly in the means adopted for obtaining practical con- 
tinuity in the current. In all of them the electromotive- 
force generated is proportional to the number of turns 
of wire' in the rotating armature, and (within certain 
limits) to the speed of revolution. When currents of 
small electromotive-fbrce, but of considerable strength, 
axe required, as for electroplating, the rotating armatures 
of a generator must be made with small Internal resist- 
ance, and therefore of a few turns of stout wire or ribbon 
of sheet copper. For producing currents of high electro- 
motive-force for the purpose of electric lighting, the 
armature must be driven very fast, and must consist o( 
many turns of wire, or, where very small resistance is 
necessary (as in a system of lamps arranged in parallel 
arc), of rods of copper suitably connected. 

There are several ways of arranging the coils upon the rotating 
e, and the methods adopted may be classified m follows : — 
tm Armatures, in wliich the calls are wound fcng^tudinally upon 
lesurfaccoficyliiidcrindruiii. Eiamplci: the Siemens (Alleneck) 



: the I 

LD which Ihe coils an airangcd ndially wilh their 

poles poinrtn£ outwards. Example : Lontin m ac hin e. 

^itf Armatures, havin; cub vnuiEed ia or on a disc Eiumplvs ' 

Niaudet, Wallace, Hopkinson, and Gordon. Tn an earlj machine by 

Faraday a umple copper disc rotating bfltwoBn the polu of a iiia[net 



cGoogk 
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There are also several ways of arranging the coils of 
the field-magnets, giving rise to following classification : — 

r. Strut- DynamOy vherein the coLla of the ficLd-DU^ets lue ja fcries 

wilh thou of ttw arnutuiv And Ifae cxtmu] cucuh. 
•. SkiaU'DjnwiWt in wbkh Iho c«li of the £■ 



1. ComfiBuHd-DynvHHa : paitly cxdud by fihont coilj, partly by m 



409. Siemens* Uaohlna ~— The dynamo -electric 
generator, invented by Siemens and Von Heftier AJteneck, 
usually called the SiemenB' maohine, is shown' in Fig. 
151. Upon a stout fi'ame are fixed four powerful flat 
electromagnets, the right pair having their N.-poles 
lacing one another and united by arched pieces or 
cheeks of iron. The two S.-poles of the lefi pair are 
similarly united. In the space between the right and 
left cheeks, which is, therefore, a very intense magnetic 
field, lies a horizontal axis, upon which rotates an 
armature consisting of fifty-six separate longitudinal 
coils, each end of each coil being connected vrith a 
copper bar forming one segment of the collector or 
commutator at the anterior end of the axis. This 
armature differs from the earlier simple longitudinal 
armature of Siemens only in the multiplication and 
arrangement of its parts, the division into so many paths 
giving a current which is practically continuous. The 
collector, made up, as said, of copper bars or segments 
fixed upon a cylinder of insulating material, may be 
regarded as a split-tube. The current cannot pass from 
one segment to the next without traversing one of 
the fifty-six coils of the armature ; and, as the end of 
one coil and the beginning of the next are both con- 
nected to the same commutator bar, there is a continuous 
communication round the whole armature. Against thtt 
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commutator press a pair of metallic brushes or springs, 
as contact pieces, which touch opposite sides at points 



Kb. .31. 

above and below, and so lead away into the drcuit the 
current generated in the coils of the rotating armature. 
Suppose the lines-of-force in the field to run from right 
to left,' and the armature to rotate left-handedly, as seen 
in Fig. 151, then, by the rule given in Art. 395, in all 

tliQ maciielic force due to the currents ia the coilsj which is nearly horiioDta] 
in dinccion, changes the nsullant magnetic force to an oblique ditection 
acn»s the Eeld. Il is for this reason that the cominutator " bnishes " have 
to be displaced with a certain angular "lead." A siioilar dt^accment of 
the brushes occurs in the Gramme and aZt other dynaiDa.el«ctric generators, 
the degree of di^ilaccmonl lo get maiimum smnglh of cnirent nrying with 
the resisuncet in the ealenal circuit and with the work donebythecutnnl 
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the Bcparate wires of the coils, moving upwards on the 
right, there will be currents induced in a direction from 
the back toward the front. In all the separate wires of 
the coils moving downwards on the left of the axis, the 
induced currents will be in a direction from the front 
toward the back. Hence, if the coils are joined as 
described to the commutator bars all the currents thus 
generated in one half of the coils will be flowing into 
the external circuit at one of the commutator brushes ; 
and all the reverse currents of the other half of the coils 
will be flowing out of the other bnish. The terminal 
screws connected by wires to the commutator brushes 
correspond to the + and — poles of a galvanic battery, 
the coils of the field-magnets being included in the 
external circuit 

410. Chramme's Uaohine. — In 1S64 Paciootti in- 
vented a magneto^electric machine, its armature being a 
toothed ring of irott with coils wound between the pro- 
jections. In 1870 Gramme invented a dynamo-electric 
machine having a ring armatiue differing only in being 
completely overwound with coils of insulated coppei 
wires. The principle of this generator is shown in 
diagram in Fig. 15Z. The ring itself, made of a bundle 
of annealed iron wires, is woimd in separate sections, 
the ends of each coil bting joined to strips of copper 
which are insulated from each other, and fixed sytn- 
metricall/ as a commutator around the axis, like a split 
tube. Their actual arrangement is shown again in Fig. 
153. The coils of the separate sections of the ring are 
connected together in series, each strip of the conunn- 
tator being united to one end of each of two adjacent 
coils. Against the split-tube collector press metallic 
brushes to receive the current. When this ring is rotated 
the action is as follows : — Suppose (in Fig. 1 53) the ring 
to rotate in the opposite direction to the hands of a dock 
in the magnetic field between the N and S-poles of a 
magnet (or electro-magnet), and that the positive direc 
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tion of the lines of force is from N to S. As a. matter 
of fact the lines will not be straight across from N to S, 
because the greater part of them will pass into the ring 
near N and traverse the iron of the ring to near S, where 
they emerge ; the space within the ring being almost 
entirely destitute of them. Consider one single coil of 
the wire wrapped round the ring at E' which is ascending 




Fig. .sz- 

toward S ; the greatest number of lines-of-fbrce will pass 
through its plane when it lies near E", at right angles to 
the line NS. As it rises toward S and comes to E the 
number of lines-of-force that traverse it will be steadily 
diminishing, and will reach zero when it comes close to 
S and lies in the line NS, edgeways to the lines-of-force. 
As it moves on toward E' it will again enclose lines-of- 
fbrce, which will, however, pass in the negative direction 
through its plane, and at E' the number of such negative 
lines-of-force becomes a maximum. Hence, through all 
its journey from E' to E' the nimiber of (positive) lines- 
of-force embraced by a strand of the coils has been 
diminishing ; during its journey round the other half from 
E' to E" again, the number will be increasing. There- 
ton, by the rule given in Art. 395, in all the coils moving 
round the upper half of the rii^ dirw/ currents are being 
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generated, while in the coils of the lower half of the ring 
inverse currents are being generated. Hence there is a 
constant tendency for electricity to flow from the left side 
at E' both ways round towards the right side at E", and 
E' will be at a higher potential than E'. 



Fig. .53. 

current will therefore be generated in an external wire, 
making contact at F and F by means of brushes, for as 
each successive coil moves up towards the brushes the 
induced current in it increases in strength, because the 
coils on each side of this position are sending their 
induced currents also toward that point. Fig. 1 53 shows 
the little Gramme machine, 2 1 inches high, suitable for 
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producing an electric arc tight when driven by a 2J 

horse-power engine. Above and below are opposite 
pairs of powerful electro-magnets, whose iron pole-pieces 
project forwards and almost embrace the central ring- 
armature, which, with the commutator, is fixed to the 
horizontal spindle, 

411. (a) Bmsh'a Machine. — In Brush's dynamo- electric 
generator, a ring-armature is also used, identical in form with 
that invented by Pacinotti, the iron ring being enlarged with 
protruding cheeks, with spaces between, in which the coils are 
wound, the coils tiieraselves being also somewhat differently 
joined, each coil being united with that diametrically opposite 
to it, and having for the pair a commutator consisting of a collar 
slit into two parts. For each pair of coils there is a similar 
collar, the separate collars being grouped together and com- 
municating to two or more pairs of brushes that rub against them 
the currents which they collect in rotating. The electromotive- 
force of these machines is very high, hence they are able to 
drive a current through a long row of arc lamps connected in 
one series. The largest Brush machines capable of maintaining 
65 arc lights have an electromotive-force exceeding 3000 voits. 
In GUlcher's and Schuckert's machines the ring-armature takes 
the form of a flattened disk. In .Ctomplon's dynamo the 
armature is wound on a hollow cylindrical core built up of flat 
thin iron rings. 

Siemens and others have devised another class of dynamo- 
electric machines, differing entirely from any of the preceding, 
in which a coil or other movable conductor slides round one 
pole of a magnet and cuts the lines of force in a continuous 
manner without any reversals in the direction of the induced 
currents. Such machines, sometimes called "tmi-polar" 
machines, have, however, very low electromotive.force. 

411. (i) Edison's Machine. — Some very large dynamo- 
electric generators have been constructed by Edison for his 
system of electric lighting. This machine (as shown in Fig. 
154) is built upon the same bed-plate as the steam engine (of 
120 H-F) which drives it, and is called by its designer the 
steani-dynamo. The tield-magnets are placed horizontally, and 
consist of 1 2 cylindrical iron bars overwound with wire, united to 
solid-iron pole-pieces weighing many tons. Between the upper 
and lower pole-pieces rotates the armature, which is a modifica- 
tion of the drum-armature of Siemens, and is made up of 9S 
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long rods of copper coimected by capper discs tk the ends instead 
of coils of wire. The commutator or collector consists of 49 
parallel bars of copper, like the split-tube commutator of the 
other machines. The circuit of the armature runs from one bu 
of the commutator along one of the copper rods into a copper 
disc at the far end, crosses by this disc lo the opposite rod, 
along which it comes back to the front end to another copper 
disc conoected to the next bar of the commutator, and so on all 
round. This arrangement greatly reduces the wastefitl resistance 
of the aimatuie, and adds to the effidenc]' of the machine. The 
interior of the annature is made up of thin discs of iron strung 
upon the axis to intensify the magnetic action while avoiding 
the currents which would be generated wastefully {see Art. 401) 
in the mass of the metal were the iron core soUd. There are 
also 5 pairs of brushes at the commutator to diminish sparking. 
This machine has a very high efficiency, and turns go pet cent 
of the mechanical power into electrical power. It Is capable of 
maintaining 1300 of Edison's incandescent lamps (Art. 374] 
alight at one time. When driven at 300 revolutions per minute 
the current generated is about 900 amp^es, and the electro- 
motive-fbrce 105 volts. 

411. (c) Tkeoiy of Continnotu-CmTent Dynamo. — The 
electromotive -force of a dynamo depends (0 on the number 
of magnetic lines N which the field-magnet forces through the 
armature core, passing into it from the north-pole of the field- 
magnet on one side, and out of it into the iouth-pole of the 
field-magnet on the other ; (ii) on the number of conducting 
wires or bars wound upon the armature ; (liV) 00 the speed of 
rotation. If we use the symbol C for the number of airoature 
conductors counted all round the periphery, and » for the 
number of revolutions per second, (hen the electromotive-force 
of the dynamo (in absolute units) will be given by the rule 

E = «CN ; 
but since one volt is taken as lo" absolute C.G.S. units (see 
Art. 3*3), the electromotive-force as expressed in volts will be 

E (volts) = bCN-i. iqB. 
The number N of magnetic lines through the armature can be 
calculated by the rule for the magnetic circuit, given on p. 297, 
proper allowance being made for inevitable leakage of some of 
the magnetic lines. 

All and any of the continuous-current magneto-electric and 
dynamo-electric machines can be used as electromotors, the 
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armature rotating and exerting power when a current from an 
independent source is led into the machine. 

411. {d) Alternate -Current Machinee.^In some dynamo- 
electric machiiles Che altemalel^-directod cuneots generated b; 
the successive approach and recession of the coils to and &om 
(he fixed magnet-poles are never commoted, but pass direct to 
the circniL In a typical machine of this class invented by 
Wilde, the armatuie consists of a series of bobbins arranged ' 
apon the periphery of a disk which rotates between two sets of 
fixed electromagnets arranged apon circular frames, and pre- 
senting N and S- poles aJtematcly inward. The alternate 
current machine of Siemens ii similar in desigtL Sach 
machines cannot excite tfadr own field-magnets nitb a constanl 
polarity, and require a small auxiliar]' direct-current dynamo to 
excite their magnets. In another machine, devised by De 
Meritens, a ring- armature, resembling those of Pacinotti and 
Brush, moves in &ont of permanent steel magnets. In this 
machine the oirrent induced in the drcuit in one directioa 
while the coils approach one set of poles is immediately followed 
by a current in (he other direction as the coils recede from this 
set of poles and approach the set of poles of contrary sign. 
Alterna(e-carrent machines have also been devised by Lontin, 
Gramme, and others, for use in particular systems of electric 
lighting; as, for example, the Jablochkoff candle (Art. 374). 
In Lontin's machine, as in Che mote recent and much larger 
disk-dynamo of (kirdon, the field-magnet coils rotate between 
two great rings of fixed coils in which Che currents are in- 
duced. A recent form of alternate -current machine, designed 
by Ferrantl, differs &om the machines of Wilde and Siemens in 
the substitution of copper strips wound in zig-zag, for the set 
of rotatir^ bobbins in the armature. In Mordey's alternator 
the field-magnet which rotates presents two crowns of opposing 
poles on either side of a stationary armature. 

411. (e) Compound - Wound Machines.— The field-mag- 
nets of a dynamo- electric machine are sometimes wound with 
two sets of coils, so that it can be used as a combined shunl- 
and-series machine (see Art 40S). Such machines, when run 
at a certain "critical" speed, may be made to yield their 
current, at a constant electromotive-fotce whatever the resbtances 
in circuit. 
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CHAPTER XL 

Electro-C hem istry. 

Lesson XXXVIII. — Electrolysis and EUctrometallvrgy. 

4ia In Lessons XIV. and XVIII, it was explained 
tliat a definite amount of chemical action in a cell 
evolves a current and transfers a certain quantity of 
electricity through the circuit, and that, conversely, a 
definite quantity of electricity, in passing throi^h an 
electrolytic cell, will perform there a definite amount of 
chemical work. The relation between the current and 
the chemical work performed by it is laid down in the 
following paragraphs. 

413. Eleotromotlve - force of Polarisation. — 
Whenever an electrolyte is decomposed by a current, 
the resolved ions have a tendency to reunite, that 
tendency being conunonly termed " chemical affinity." 
Thus, when zinc sulphate (Zn SOJ is split up into Zn 
and SO, the linc tends to dissolve again into the solution 
by reason of its "affinity" for oxygen and for sulphuric 
acid. But zinc dissolving into sulphuric acid sets up an 
electromotive-force of definite amount ; and to tear the 
zinc away from the sulphuric acid requires an electro- 
motive-force at least as great as this, and in an opposite 
direaion to it. So, agfun, when acidulated water is 
decomposed in a voltameter, the separated hydrogen 
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and oxygen tend to reunite and set up an opposing 
electromotive -force of no less than 1*47 volts. This 
opposing electromotive-force, which is in &ct the measure 
of their "chemical affinity," is termed the electromotive- 
force of polarisation. It can be observed in any water- 
voltameter (Art. 208) by simply disconnecting the 
wires from the battery and joining them to a galvan- 
ometer, when a current will be observed flowing back- 
through the voltameter from the hydrogen electrode 
toward the oxygen electrode. The polarisation in a 
voltaic cell (Art. 163) produces an opposing electro- 
motive-force in a perfectly similar way. 

Now, since the affinity of hydrogen for oxygen is 
represented by an electromotive-force of I '47 volts, it is 
clear that no cell or battery can decompose water unless 
it has an electromotive- force at least of i'47 volts. 
With every electrolyte there is a similar minimum 
electromotive-force necessary to produce complete con- 
tinuous decomposition. 

414. Theory <tf MeotrolyBiB. — Suppose a current 
to convey a quantity of electricity Q through a circuit 
in which there is an opposing electromotive -force E : 
the work done in moving Q units of electricity against 
this electromotive-force will be equal to E x Q. (If E 
and Q aie expressed in " absolute " C.G.S. units, E-Q 
will be in ergs.) The total energy of the current, as 
available for producing heat or mechanical motion, wiU 
be diminished by this quantity, which represents the 
work done against the electromotive-force in question. 

But we can arrive in another way at an expression 
for this same quantity of work. For the quantity of 
electricity in passing through the cell will deposit a 
certain amotmt of metal : this amount of metal could be 
burned, or dissolved again in acid, givmg up its potential 
energy as heat, and, the mechanical equivalent of heat 
bemg known, the equivalent quantity of work can be 
calculated. Q units of electricity will cause the depo- 
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sition of Qz grammes of an ion whose absolute electro- 
chemical equivalent is e. [For example, ir for hydrogen is 
-00010353 gramme, being ten times the amount (see table 
in Art. 21a) deposited by one coulomb, for the coulomb 
is A of the absolute C.G.S. unit of quantity.] If H 
represent the number of heat units evolved by one 
gramme of the substance, when it enters into the com- 
bination in question, then QsH represents the value (in 
heat units) of the chemical vork done by the flow of the 
Q units ; and this value can immediately be translated 
into ergs of work by multiplying by Joule's equivalent J 
( = 42 X 10 ^). [See Table on page 400.] 
We have therefore the following equality : — 
EQ = QsHJ ; whence it follows that 
E = »HJ ; or, in words, iAe electromotive- 
force ofat^ chemical reaction is equal to the product of 
the electro-chemical equivalent of ike separated ion into 
its heat 0/ combination, expressed in dynamical units. 

EnAMPLKS. — (i) EUclrometive -force of Eydrt^n lending to 
mat€ with Oxygm, For Hydrogen « = -OOOIOSSI; H 
(heat of combination of one gramme) = 34,000 gramme- 
d^ree-nnits ; J = 42 x lo". 

^□□010352 X 34,000 X 43 X Io*= 1-47 X 10* "absolute" 
units of eleclromotiTe-foice, or = i '47 ve&s. 
(i) EUctretiuitive-forct ef Zine diisehimg inie Sulfhurie Acid. 
t = ^003364 ; H = 167D (according to Julius ThomseD) ; 
] K 42 X io<. 

^'3364 X «fi70 X 42 X 10" = 2-3S9 X io» 
M = 2359 miits. 

(3) EUctromotivi-farct ^Copper dissolving ints Sulphuric Acid. 

» = -003261 ; H = 909'S ; J = 42 X to". 
TO326I X 909'S X 41 X lo" = 1-232 X ic'. 

(4) EUctremelive-farce efa DfUtiell'a CeU. Here dnc is dissolved 

at one pole to form dnc sulphate, the chemical action setdng 
up a + electromotive- force, while at the other pole copper 
ii depoldted by the current out of a solution of copper 
ralphite, thereby aetttag op an opposing (or -) dectto- 
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motive -force. That due to line is shown above to tie 
+ *'359 volts, that to deposited copper to be — i '242. 
Hence the net electromotive-force of the cell is (n^lectiig 
the slight electtomolive- force where Ihe two solutions 
touch) 2'3S9 - 1-242 = i'ii7 volts. This is nearly what 
is found (Art. 170) in practice to be the case. It is les* 
than will suffice to electrolyse water, though two Daniell't 
cells in series electrolyse water ea^y. 
416. Secondary Batteries : Storage of Electrie Cnrrenta. 
— A voltameter, or series of voltameters, whose electrodes are 
thus chained respectively with hy- 
drogen and oxygen, will serve as 
secondary batteries, in which the 
energy of a current may be stored up 
(as chemical work) and again given 
out. Ritter, who in 1803 con- 
structed a secondajy pile, used elec- 
trodes of platinum. Gaston Plants, 
in i860, devised a secondary cell 
consisting of two pieces of sheet 
lead rolled up (without actual con- 
tact) as electrodes, dipping into 
dilute sulphuric acid, as in Fig. 
155; the lead becoming with re- 
peated charges in alternate directions 
coated with a semi -porous film of 
brown dioidde of lead on the anode 
plate, and on the kathode plate 
assuming a. spongy metallic slate 
presenting a large amount of surface 
of high chemical activity. When 
such a battery, or accumulalar of \ 
airrtnts, is charged by connecting it 
with a dynamo- electric machine or 
other powerful generator of currents, p. 

the anode plate becomes peroxidised, '^' ' 

while the kathode plate is deoxidised by the hydrogen that 
is liberated. The plates may remain for many days in this 
condition, and will fbmish a current until the two lead surfaces 
are reduced Id a chemically inactive state. The electro- 
motive-force of such cells is about 2'0 volls during discharge. 
Plants has ingeniously arranged batteries of such cells so that 
Ihey can be charged in parallel arc, and discharged in series 
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gjving (for a short time) currents of extraordinary strength. 
Faure, in 1S81, improved tlie FlaJlte accumulator by giving the 
two lead platea a preliminary coating of red-laid (or minium). 
When a current is passed through the cell to charge it, the red- 
lead is peroxidised at the anode, and reduced,— first lo a con- 
dition of lower oxide, then (o the spongy metallic state, — at (he 
kathode, and thus a greater thickness of the working substance 
is provided, and takes far less time to form than is the case in 
Planti's cells. For electric lighting, Faure's cells ace made up 



F^. is6. 
with Bat plates in the (orm shown in Fig. 156. In Sellon's 
and Volckmar's accumulators the minium is packed into iniei- 
Slices in the lead plates. A secondary cell resembles a Leyden 
jar in that it can be charged and then discharged. Its time- 
rate of leakage is also similai. The reudual charges of Leyden 
jars, though small in quantity and transient in their discharge, 
yet exactly resemble the poUrisation charges of voltameters. 

416 Qrove'B Oaa Battery.— Sir \V. Grove devised a cell 
in which platinum electrodes, in contact respectively with hy- 
drogen and oxygen gas, replaced the usual zinc and copper plates. 
Each of these gases is partially occluded by the metal platinum, 
which, when so treated, behaves like a different metal. In Fig. 
157 one form of Grove's Gas Battery is shown, the tubes O 
and H containing the -I- and — electrodes, surrounded with 
ox^en and hydrogen respectively. 
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417. Oeneral Laws of Electrolytic Action— In 
addition to Faraday's quantitative laws given in Art, 211, 
the following are 
/ important : — 
' (a.) Every 

electrolyte is de- 
composed into 
two portions, an 

tion, which may 
be themselves 
either simple or 
compound. In 
the case of simple 
binary com- 
pounds, such as 
ftised salt (Na 
CI), the ions are 
simple elements. 
In other cases 
the products are 
often complicat- 
ed by secondary 
actions. It is 
even possible to 
deposit an alloy 
of two metals — 
*rajj for example 

ture of the cya- 
nides of zinc and 
*% 'W- of copper. 

(5.) In binary compounds and most metallic solutions, 
the metal is deposited by the current where it leaves the 
cell, at the kathode. 

(t.) Aqueous solutions of salts of the metals of the 
alkalies and alkaline earths deposit no metal, but evolve 
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hydrogen owing to secondary action of the metal upon 
the water. From strong solutions of caustic potash and 
soda Davy succeeded in obtaining metallic sodium and 
potassium, which were before unknown. If electrodes of 
mercury are employed, an amalgam of either of these 
metals is readily obtained at the kathode. The so- 
called a»i«o«(K»i-amalgam is obtamed by electrolysing a 
warm, strong solution of salammoniac between mercury 
electrodes. 

(rf.) Substances can be arranged in a definite series 
according to their electrolytic behaviour ; each substance 
on the list behaving as a kathion (or being " electroposi- 
tive ") when electrolysed from its compound with any 
other on the list. In such a series the oxidisablc metals, 
potassium, sodium, zinc, etc, head the list ; after which 
come thelessDxidisable or "electronegative" metals; then 
carbon, oxygen, phosphorus, iodine, chlorine, sulphur, 
and lastly ozone. 

(«.) From a solution of mixed metallic salts the least 
electropositive metal is deposited first, unless the current 
be very strong. 

(/) The liberated ions appear only at the elec- 
trodes. 

(^■) f^"' c*di electrolyte a minimum eUctromoiivt- 
force is requisite, without which complete electrolysis 
cannot be effected. (See Art 413.) 

(ji.) If the current be of less electiomotive-force than 
Che requisite minimtmi, electrolysis may begin, and a 
feeble current fiow at first, but no ions will be liberated, 
the current being completely stopped as soon as the 
opposing electromotive-force of polarisation has risen to 
equality with that of the electrolysing current 

(i.) There is no opposing eleciromoiive-force of polar- 
isation when electrolysis is effected from an anode of the 
same metal that is being deposited at the kathode. The 
feeblest cell will suflice to deposit copper from sulphate of 
copper if the anode be a copper plate. 

Google 
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(/.) Where the ions are gases, pressure affects the 
conditions but slightly. Under 300 atmospheres add- 
ulated water is still electrolysed ; but in cert^n cases 
a layer of acid so dense as not to conduct collects ai 
the anode and stops the current. 

(*.) The chemical work done by a current in an 
electrolytic cell is proportional to the miniinum electro- 
motive-force of polarisation. 

(/.) Although the electromotive-force of polarisation 
may exceed this minimum, the work done by the current 
in overcoming this surplus electromotive-force will not 
appear as chemical work, for no more of the ion will be 
liberated ; but it will appear as an additional quantity ol 
heat {or "local heat") developed in the electrolytic cilL 

(m.) Ohm's law holds good for electrolytic conduction. 

(n.) Amongst the secondary actions which may occur 
the following are the chief: — (i.) The ions may them- 
selves decompose ; as SO, into SO, -f- 0. (3.) The ions 
may react on the electrodes ; as when acidulated vaua 
is electrolysed between zinc electrodes, no oxygen being 
liberated, owing to the affinity of linc for oxygen. (3.) 
The ions may be liberated in an abnormal state. Thus 
ox^en is frequently liberated in its allotropic condition 
as ozone, particularly when peimanganates are electro- 
lysed. The " nascent " hydrogen liberated by the elec- 
trolysis of dilute acid has peculiarly active chemical 
properties. So also the metals are sometimes deposited 
abnormally : coppter in a black pulverulent film ; anti- 
mony in roundish gray masses (from the terchloride 
solution) which possess a curious explosive property, etc 

418. Hypotheses of Qrotthuss and of Olau- 
situ. — A complete theory of electrolysis must explain — 
firstly, the transfer of electricity, and, secondly, the transfer 
of matter, throughthe liquid of the cell. The latter 
point is the one to which most attention has been 
given, since the " migration of the ions " {i.e. their trans- 
fer throogh the liquid) in two opposite directions, tUHJ 
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their appearance at the electrodes only, are salient 

The hypothesis put forward in 1805 by Grotthuss 
serves iairly, when stated in accordance with modem 
terms, to explain these ikcts. Grotthuss supposes that, 
when two metal plates at different potentials are placed 
in a cell, the first effect produced in the liquid is that 
the molecules of the liquid arrange themselves in in- 
ntmietable chains, in which every molecule has its 
constituent atoms pointing in a certain direction ; the 
atom of electropositive substance being attracted toward 
the kathode, and the fellow atom of electronegative 
substance being attracted toward the anode. (This 
assumes the constituent atoms grouped in the molecule 
to retain their individual electric properties.) The 
diagram of Fig, 1 58 shows, in the case of Hydrochloric 
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Add, a row of molecules I, i, at first distributed at 
random, and secondly (as at 2, 3,) grouped in a chain 
as described. The action which Grotthuss then sup- 
poses to take place is that an interchange of partners 
goes on between the separate atoms all along the line, 
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each H atom uniting with the CI atom beloaging to the 
neigbbouiing molecule, a + half molecule of hydrogen 
being liberated at the kathode, and a — half molecule 
of chlorine at the anode. This action would leave the 
molecules as in 3, 3, and would, when repeated, result 
in a double migration of hydrogen atoms in one direc- 
tion and of chlorine atoms in the other, the free atoms 
appearing only at the electrodes, and every atom so 
liberated discharging a certain definite minute charge of 
electricity upon the electrode where it was Uberated.^ 

Clausius has sought to bring the ideas of Grotthuss 
into conformity with the modern kinetic hypothesis of 
the constitution of liquids. Accordingly, we are to 
suppose that in the usual state of a bquid the molecules 
are always in movement, gUding about amongst one 
another, and their constituent atoms are also in move- 
ment, and are continually separating and recombining 
into similar groups, their movements taking place in aU 
possible directions throughout the liquid. But unda 
the influence of an electromotive-force these actions are 
controlled in direcHon, so that when, in the course of the 
usual movements, an atom separates from a group it 
tends to move either toward the anode or kathode ; 
and if the electromotive force in question be powerfiil 
enough to prevent recombination, these atoms will be 
permanently separated, and will accumulate around the 
electrodes. This theory has the advantage of account- 
ing for a &ct easily observed, that an electromotive force 
less than the minimum which is needed to efiect com- 
plete electrolysis may send a feeble current through an 

' Mr. G. J. StoDey has talely rec1rODed» £ri>in consiiieratioiu fbonded 0* 
the tiie oT aami <u calculalcd by Los:hniidi and Sit W. Thomioiih Ihu 

ferrtd. IE. Buddesajra 17X.O-* coulomb.) Thii quwHily iraiUd •?!»» 
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electrolyte for a limited time, until the opposing electro- 
motive force has reached an equal value. Helmboltz, 
who has given the name of electrolytic convection to this 
phenomenoD of partial electrolysis, assumes that it takes 
place by the agency of uncomhined atoms previously 
existing in the liquid. This assumption is virtually in- 
cluded in the kinetic hypothesis of Clausius. 

419. Electrometallurgy. — The applications of elec- 
tro-chemistry to the industries are threefold. Firstly, 
to the reduction of metals from solutions of their ores, 
a process too costly for general application, but one 
oselnl in the accurate assay of certain ores, as, for 
example, of copper ; secondly, to the copying of types, 
plaster casts, and metal-work by kathode deposits of 
metal ; thirdly, to the covering of objects made of baser 
metal with a thin film of another metal, such as gold, 
silver, or nickel. All these operations are included 
under the general term of electrometallurgy. 

420. Bleotrotypln?. — In 1836 De La Rue ob- 
served that in a Daniell's cell the copper deposited out 
of the solution upon the copper plate which served a3 a 
pole took the exact impress of the plate, even to the 
scratches upon it. In 1839 Jacobi in St. Petersbuig, 
Spencer in Liverpool, and Jordan in London, independ- 
ently developed out of this &ct a method of obtaining, 
by the electrolysis of copper, impressions (in reversed 
relief) of coins, stereotype plates, and ornaments. A 
further improvement, due to Murray, was the employment 
of moulds of plaster or wax, coated with a film of plum- 
bago in order to provide a conduaing sur&ce upon 
which the deposit could be made. Jacobi gave to the 
process the name of galvano-plasttc, a term generally 
abandoned in favour of the term eleotrotypins or 
electrotype process. 

Electrotypes of copper are easily made by hanging a 
suitable mould in cell containing a saturated solution of 
sulphate of copper, and passing a current of a battery 
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through the cell, the mould beii% the kathode ; a plate 
of copper being employed as an anode, dissolving giWdo- 
ally into the liquid at a rate exactly equal to the rate of 
deposition at the kathode. This use of a separate 
battery is more convenient than producing the electro- 
types in the actual cell of a Daniell's battery. The 
process is largely employed at the present day to repro- 
duce repouss^ and chased ornament and other works ol 
art in fecsimile, and to multiply copies of wood blocks 
for printing. Almost all the illustrations in this book, 
for example, are printed from electrotype copies, and not 
from the original wood blocks, which would not wear so 
well 

421. Bleoteoplatlng. — In iSoi Wollaston observed 
that a piece of rilver, connected with a more po»tire 
metal, became coated with copper when put into a 
solution of copper. In 1805 Bru^natelli gilded two 
silver medals by making them the kathodes of a cell 
containing a solution of gold. Messrs. Elkington, about 
the year 1840, introduced the commercial processes oi 
electroplating. In these processes a baser metal, such 
as German silver (an alloy of zinc, copper, and nickel) 
la covered with a thin film of silver or gold, the solutions 
employed being, for electro -gilding, the double cyanide 
of gold and potassium, and for electro- silvering the 
double cyanide of silver and potassium. 

Fig. 1 59 shows a battery and a plating-vat containing 
the silver solution. From the anode is hung a plate of 
metallic silver which dissolves into the liquid. To the 
kathode are suspended the spoons, forks, or other 
articles which are to receive a coating of silver. The 
addition of a nunute trace of bisulphide of carbon to the 
solution causes the deposited metal to have a bright 
surface; If the current is too strong, and the deposition 
too rapid, the deposited metal is grayish and crystallin& 

In silvering or gilding objects of iron it is usual first 
to plate them with a thin coating of copper. In gilding 
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base melals, such as pewter, they are usually first 
copper-coated. The gilding of the insides of jugs and 
cups is effected by filling the jug or cup with the gilding 
solution, and suspending in it an anode of gold, the vessel 
itself being connected to the — pole of the battery. 



Instead of a battery a themio-eleclric generator (Art. 
384), or a dynamo-electric generator (Art, 408), is now 
frequently employed. 

422. Metalla-obTDmj. — In i Sz6 Nobili discovered Chit when 
a solution at lead is electrolysed a film of peroxide of lead forms 
vfm lie amde. If this be a sheet of metal, — a plate of 
polished steel, for instance, — placed horizontally in the liquid 
beneath a platinum wire as a kathode, (he deposit takes place 
in symmetrical rings of varying thickness, the thickest deposit 
tieing at the centre. These rings, known as Nobili's rings, 
exhibit all the lints of the rainbow, owing to interference of 
the waves of light occurring in the film causing rayi of different 
wave-length and colour to be suppressed at different distances 
from the centre. The colours form, in fact, in reversed order, 
the "coloars of thin plates" of Newton's rings. According 
to Wagner this production of chromatic eflecta by electrolysing 
B solution of lead in caustic soda, is applied in Nuremberg to 
ornament metallic toys. The author of these Lessons has 
' observed that when Nobili's rings are made in a mignetid 
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field they ire no tonget diculai, the deponliug canents bedi^ 
drawn aside In a manner which could be predicted from the 
observed action of magnets on conductors cariTing curreDts. 

422 (Us). EHeotio - Chemioftl Power of Uetala. — The 
following Table gives the electromotive -force of the different 
metals as calculated by the method of Art. 414 from their 
elecuo - chenucal equivalents (Act zi3), and from the heat 
evolved by the combination with oxygen of a portion of the 
metal e<inivalent electro-chemically in amonnt to one gramme 
of hydn^n. The electromotive -forces (in volts) a 
(in dilute sulphuric acid) are added for comparison. 
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Potassium . 
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Sodium . 




67,800 
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Zinc . . 




42,700 
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Iron . . 




34,120 
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34,000 
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Lead . . 
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-0-54 


Copper . 




■80 


-roS 


- 1047 


Silver , . 




9,000 


'39 


-1-44 




Platinum . 




7,500 


■33 


-rso 


-I 53 


Carbon . 




J,OO0 


■09 
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Oxygen . 








- I'^Bs 


(Nitric Acid) 


- 6,000 


-o-a6 


-2-09 


- 1-94 


(Black Oxide of 
Manganese) 


- 6,500 


-oag 




-3-23 


(Peroxide of Lea 


) -12,150 


-0-52 


-2-35 


--l-S, 


(Ozone) . , 


-14,800 


-0-63 


-2-46 


ermanganic 


- 25.070 


-ro9 


-2^92 


-303 



It also ihowi the «der in which the melali stud in Ihek 

be loweil on the list lint, an the metals depouled by ■■ 

■n fint which requirci Ihe leut cxpeudhut* of epefcy to 
the demeou with which It wu comUiMd. 
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CHAPTER XII. 

Telegraphs and Telephones. 

Lesson XXXiyL—EUaric Telegraphs. 

423. The Eleotrio Telegraph. — It is diEcult to assign the 
invention of the Telegraph to any particulai inventor. Lesage 
(Geneva, 1774), Lomond (Paris, 1787), and Sir F. Ronalds 
(London, 1816), invented systems for transmitting signals 
through wires by observing at one end the divergence of a pair 
of pith-balls when a charge of electricity was sent into the other 
end. Cavallo (London, 1795) transmitted sparks Irom Lejnlen 
jars through wires "according to a settled plan." Soemmering 
(Munich, 1S08) established a telegraph in which the ^gnals 
vere made by the decomposition of water in voltameters ; and 
the transmission of signals t^ the chemical decomposition of 
substances was attempted by Coie, R. Smith, Bain, and others. 
Ampere (Paris, 1S21) suggested that a galvanometer placed at 
a distant point of a circuit might serve for the transmission of 
dgnals. ScbiUing and Weber (GdtUngen, 1833) emplo]^ the 
deflections of a galvanometer needle moving to right or left to 
signal an alphabetic code of letters upon a single circuit. 
Cooke and Wheatstone (London, 1837) brought into practical 
application the first form of their midU telegraph. Heniy 
(New York, 1831) utilised the attraction of an electromagnet 
to transmit ^gnals, the movement of the armature producing 
atidible sounds according to a certain code. Morse (New York, 
1837) devised a telegraph in which the attraction of an arma- 
ture by an electromagnet was made to mark a dot or a dash 
upon a moving strip of paper. Steioheil (Munich, 1837) 
discovered that instead of a retnm-wire the earth might be used, 
contact being made to earth at the two ends by means of earth- 
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plates {see Fig. l6o) sunk in tbe groimd. Gintl {1S53) and 
Steams (New York, 1870} devised metlicxls of i/H/i/^jrsigiiallii^ 
Stark (Vienna) and Bosscha (Leyden, 1855) invented dtfiltx 
signalling, and Edison (Nenark, N. J., 1S74) invented quad- 
ruptix telegraphy. For fast-speed work Whealslone devised his 
automatic transmitter, in which the signs which represent the 
letters are first punched by machinery on strips of paper ; these 
are then run at a great speed through the transmitting instru- 
ment, which telegraphs them off at a much greater rate than if 
the separate signals were telegraphed by hand. Hughes devised 
a type-printing telegraph. Wheatstone invented an ABC tele- 
graph in which signals are spelled by a hand which moves over 
a dial. For cable-working Sir W. Thomson invented his mirror 
galvanometer and his delicate siphon- recorder. It is impossible 
in these Lessons to describe more than one or two of the 
simpler and more frequent forms of tel^raphic instruments. 
Students desiring further information should consult the eicel- 
lent manuals on Telegraphy by Messrs. Preece and Sivewrighl, 
and by Mr. Culley. 

434. Sinsld- Needle Instrument. —The single- 
needle instrument (Fig. 160) consists essentially of a 
vertical galvan- 
ometer, in which 
a lightly hung 
magnetic needle 
is deflected to 
right or left 
when a current 

' direction or the 

other, around a 

coil surrounding 

D the needle ; the 

needle visible in 

front of the dial 

^* ""■ is but an index, 

real magnetic needle being behind. A code of 

cements agreed upon comprises the whole alphabet 

:ombinations of motions to right or left. In order 
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to send currents in either direction through the circuit, 
a "signalling-key" or "tapper" is usually employed. 
The tapper at one end of the line works the instni- 
mcnt at the other ; tmt for the sake of convenience it 
is fixed to the receiving instrument. In Fig. 160 the 
two protruding levers at the base form the tapper, and 
by depressing the right hand one or the left hand one, 
currents are sent in either direction at will. 

The principle of action will be made more clear by 
reference to Fig. 161, which shows a separate signalling 
key. The two 
horizontal levers 
are respectively 

tion with the 

" line," and with 

the return - line 

through "earth." 

When not in use 

they both spring Pi^. ,6,. 

up against a cross 

strip of metal joined to the zinc pole of the battery. 

Below tham is another cross strip, which communicates 

with the copper (or + ) pole of the battery. On 

depressing the "line" key the current runs through the 

line and back by earth, or in the positive direction. 

On depressing the " earth " key (the line key remaining 

in contact with the zinc-connected strip), the current 

runs through the, earth and back by the line, or in the 

negative direction. Telegraphists ordinarily speak of 

these as positive and negative currents respectively. 

As it is necessary that a line should be capable of 
being worked from either end, a battery is used at each, 
and the wires so connected that when at either end a 
message is being received, the battery circuit at that end 
shall be open. Fig. 163 shows the simplest possible 
case of such an arrangement. At one end is a battery 
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ze, one pole of which is put to earth, and the other com- 
municates with a key K. This key is arranged (like that 
in Fig. 164), so thai when it is depressed, so as to send 
a signal through the Une, it quits contact with the 
receiving instrument at its own end. The current 
flowing through the line passes through K' and enters a 




receiving instrument G' at the distant end, where it pro- 
duces a signal, and returns by the earth to the battery 
whence it started. A similar battery and key at the 
distant end suffice to transmit signals in the opposite 
direction to G when K is not depressed. The diagram 
is drawn as if G were a simple gaJvanometer ; but the 
arrangement would perfectly suit the Morse instrument, 
in which it is only required at either end to send long 
and short currents without reversing the direction. 

425. The Morae Instrument. — The most widely 
used instrument at the present day is the Morse. The 
Morse instrument consists essentially of an electro- 
magnet, which, when a current passes through its coils, 
draws down an armature for a short or a long time. 
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It may either be arranged as a " sounder^' in which 
case the operator who is receiving the message listens 
to the clicks and notices whether the intervals between 
them are long or short; or it may be arranged as an 
■' embosser^' to print dots and dashes upon a strip of paper 
drawn by clockwork through the instrument. In the 
most modem form, however, the Morse instniment is 
ananged as an "ink-writer," in which the attraction of 
the armature downwards lifts a little inky wheel and 
pushes it against a ribbon of paper. If the current is 
momentary it prints a mere dot. If the current con- 
tinues to flow for a longer time the ribbon of papier moves 
on and the ink-wheel marks a dash. The Morse code, 
or alphabet of dots and dashes, is as follows : — 

A . — K— . — U . . — 



G . Q . — Full slop 

H . . . . R , — . Repetition . . . , 

I . . S . . . Hyphen — ....— 

J . T — Apostrophe . . 

426. Relay. — In working over long lines, or where 
there are a number of instruments on one circuit, the 
currents are often not strong enough to work the 
recording instrument directly. In such a case there is 
interposed a relay or repeater. This instrument con- 
nsts of an electromagnet round which the line current 
flows, and whose delicately poised armature, when 
attracted, makes contact for a local circuit in which a 
local battery and the receiving Morse instrument are 
included. The principle of the relay is, then, that a 
current too weak to do the work itself may set a strong 
local current to do its work for it 
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In Fig. 163 is shown a Morse instrument (an "em- 
bosser ") M, joined in circuit with a. local battery B, and 




a relay. Whenever a current in the line circuit moves 
the tongue of the relay it closes the local circuit, and 
causes the Morse to record either a dot or a dash upon 
the strip of paper. The key K is shown in an enlarged 
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D through the rear end of the key with the 
relay or receiving instrumeat Depressing the key breaks 
this commuDi cation, and by putting the line wire in com- 
munication with the main battery transmits a current 
through the line. 

427. Faults in Telegraph Liitss. — Faults may 
occur in telegraph lines from several causes : either from 
the breakage of the wires or conductors, or from the 
breakage of the insulators, thereby short-circuiting the 
current through the earth before it reaches the distant 
station, or, as in overhead wires, by two conducting 
wires touching one another. Various modes for testing 
the existence and position of faults are known to telegraph 
engineers ; they depend upon accurate measurements of 
resistance or of capacity. Thus, if a telegraph cable part 
in mid^Dcean it is possible to calculate the distance from 
the shore end to the broken end by comparing the resist- 
ance that the cable is known to offer per mile with the 
resistance offered by the length up to the feult, and divid- 
ing the latter by the fonner. 

42a Duplex Telegraphy. — There are two distinct 
methods of arranging telegraphic apparatus so as to 
transmit two messages through one wire, one from each 
end, at the same time. The first of these, known as 
die differential method, involves the use of instnunents 
wound with differential coils, and is applicable to special 
cases. The second method of duplex working, known 
as the Wheatstonis Bridge Method, is capable of much 
more general application. The diagram of Fig. 165 
will explain the general principle. The first require- 
ment in duplex working is that the instrument at each 
end shall only move in response to signals from the 
other end, so that an operator at R may be able to 
signal to the distant instrument M' without his own 
tastrument M being affected, M being all the while in 
circuit and able to receive signals from the distant 
operator at R'. To accomplish this the circuit is 
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divided at R into two branches, which go, by A and 
B respectively, the one to the line, the other through 
a certain resistance P to the earth. If the ratio 
between the resistances in the arms RA and RB is 
equal to the ratio of the resistances of the line and of 
P, then, by the principle of Wheatstone's Bridge, no 
current will pass through M, So M does not show any 
currents sent from R ; but M' will show them, for the 
current on arriving at C will divide into two parts, part 
flowing round to the earth by R', the other part flowing 





through M' and producing a signal. If, while this is 
going on, the operator at the distant R' depresses his 
key and sends an eqtml current in the opposite direction, 
the flow through the line will cease ; but M will now 
show a signal, because, although no current flows 
through the line, the current in the branch RA will 
now flow down through M, as if it had come from the 
distant R', so, whether the operator at R be signalling 
or not, M will respond to signals sent from R'. 

The DlpleK method of working consists in sending 
two messages at once through a wire in the same direc- 
tion. To do this it is needful to employ instruments 
which work only with currents in one given direction. 
The method involves the use of " relays " in which the 
armatures are themselves permanently magnetised (or 
" polarised "), and which therefore respond only to 
currents in one direction. 

The Quadruples method of working combines the 
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duplex and the diplex methods. On one and the same 
litie are used two sets of instruments, one of which 
(worked by a " ptolarised " relay) works only when the 
direction of the current is changed, the other of which 
(worked by a non-polarised relay adjusted with springs 
to move only with a certain minimum force) works only 
when the strength of the current is changed and is inde- 
pendent of their direction. 

420. Submarine Telegraphy. — Telegraphic com- 



separated by a strait 
. through cables, sunk to the 
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bottom of the sea, which carry coaducting wires care- 
fiilly protected by an outer sheath of insulating and 
protecting materials. The conductor is usuaUy of purest 
copper wire, weighing from 70 to 400 Ihs. per nauti- 
cal mile, made in a sevenfold strand to lessen risk 
of breaking. Fig. 166 shows, in their natural sii^ 
portions of the Atlantic cables laid in 1857 and 1866 
respectively. In the latter cable, which is of the usual 
type of cable for long lines, the core is protected first by 
a stout layer of guttapercha, then by a woven coating <rf 
jute, and outside all an external sheath made of ten iron 
wires, each covered with hemp. The shor^ ends are even 
more strongly protected by external wires. 

43a Speed of Slaroalliiiff throueh OableB^ — 
Signals transmitted through long cables are retarded, the 
retardation being due to two causes. 

Fintly, The self-induction of the drcuit may prevent 
the current from rising at once to its height, the retarda- 
tion being expressed by Helmholu's equations, given in 
Art 405. 

SecotuBy, The cable in its insulating sheath, when 
immersed in water, acts like a Leyden jar of enormous 
capacity (as explained in Ait. 374), and the first portions 
of the current, instead of flowing through, remain in the 
cable as an electrostatic charge. For every separate 
signal the cable must be at least partially charged and 
then discharged. Culley states that when a current is 
sent through an Atlantic cable from Ireland to New- 
foundland no effect is produced on the most delicate 
instrument at the receiving end for two-tenths of a 
second, and that it requires three seconds for die current 
to gain its fiill strength, rising in an electric wave which 
travels forward through the cable. The strength of the 
current foils gradually also when the circuit is broken 
The greater part of this retardation is due to electrostatic 
charge, not to electromagnetic self-induction; the re- 
tardatioD bung proportional to the squar* 0/ ik* ItM^ 
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of the cable. The various means adopted to get rid oi 
this retardation are explained in Art, 275. 

43L BeoelTins Znstrumeiits tor Oablea — The 
tnirror-galvancmeta- of Sir W. Thomson (Art. 202) was 
devised for cable signalling, the movements of the spot 
of light sweeping over the scale to a short or a long 
distance sufEcing to signal the dots and dashes of the 
Morse code. The Siphon Recorder of Sir W. Thomson 
is an instrument which writes the signals upon a strip oi 
pai>er by the foUowing ingenious means : — The needle 
part of a [mwerfii] and sensitive galvanometer is replaced 
by a fine siphon of glass suspended by a siUc fibre, one 
end of which dips into an ink vessel. The ink is spurted 
without friction upon a strip of paper (moved by clock- 
work vertically past the siphon), the spurting being 
accomplished electrically by charging the ink vessel by 
a continuous electrophorus, which is itself worked by a 
small electromagnetic engin& 

LESSON XI Electric Belh, CUk&s, and Telephones. 

432. Eleotrio Bella. — The common foim of Electric 
Sell or Trembler consists of an electromagnet, which 
moves a hammer backward and forward by alternately 
attracting and releasing it, so that it beats against a belL 
The arrangements of the instrument are shown in Fig. 
■ 67, in which E is the electrom^net and H the hammer. 
A battery, consisting of one or two Leclanch^ cells placed 
at some convenient point of the circuit, provides a current 
when required. By touching the " push " P, the circuit 
is completed, and a current flows along the line and 
round the coils of the electromagnet, which forthwith 
attracts a small piece of soft iron attached to the lever, 
which terminates in the hammer H. The lever is itself 
included in the circuit, the current entering it above and 
quitting it at C by a contact-breaker, consisting of a 
spring tipped with pUtinum resting against the platinum 

f.oiwk 
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tip of a screw, from which a return wire passes back to 
the zinc pole of the battery. As soon as the lever is 
attracted forward the circuit is broken at C by the spring 
moving away from contact with the screw ; hence the 
current stops, and the electromagnet ceases to attract the 
The lever and hammer therefore fall back, 



again establishing contact at C, whereupon the hammer 
is once more attracted forward, and so on. The xnleh 
P is shown in seaion on the right of Fig. 167. It 
usually consists of a cylindrical knob of ivory or porcelain 
capable of moving loosely through a hole in a circular 
support of porcelain or wood, and which, when pressed, 
forces a platinum-tipped spring against a metal pin, and 
so makes electrical contact between the two parts of the 
interrupted circuit. 

433. Eneotrio Olooka. — Clocks may be either driven 
or controlled by electric currents. Bain, Hipp, and 
others, have devised electric clocks of the first kind, in 
which the ordinary motive power of a weight or spring is 
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abandoned, the dock bnng driven by its pendulum, the 
" bob " of which is an electromagnet alternately attracted 
from side to side. The difficulty of maintaining a perfectly 
constant battery current has prevented such docks from 
coming into use. 

Electrically controlled docks, governed by a standard 
central dock, have proved a more fruitful invention. In 
these the standard timekeeper is constructed so as to 
complete a circuit periodically, once every minute or hal! 
minute. The transmitted currents set in movement the 
hands of a system of dials placed at distant points, by 
causing an electromagnet placed behind each dial to 
attract an armature, which, acting upon a ratchet wheel 
by a pawl, causes it to move forward through one tooth 
at each spediied interval, and so carries the hands round 
at the same rate as those of the standard dock. 

Electric ekrenegrapks are nsed for measuring very small in- 
tervals of time. A style fixed to the armature of an electro- 
magnet traces a line upoD a piece of paper fixed to a cylinder 
revolving by clockwork. A cuirent sent through the coils of 
ihe electromagnet moves the armature and causes a lateral notch 
in the line so traced. Two currents are marked by two notches ; 
and from the interval a\ spaci between the two notches (he in- 
terval of time which elapsed between the two currents may be 
calculated to the ten-thousandth part of a second if the speed 
of rotation is accurately known. The velodty with which a 
caruion ball moves along the boie of the cannon can be measured 
thus. 

434. Eleotrio Telephones. — The first successful 
attempt to transmit sounds electrically was made in 
1861 by Reis, who succeeded in conveying musical and 
other tones by an imperfect telephone. In this instru- 
ment the voice was caused to act upon a point of loose 
contact in an electric drcuit, and by bringing those parts 
into greater or less intimacy of contact (Art. 346), thereby 
varied the resistance offered to the circuit. The trans- 
mittmg part of Rels's telephone consisted of a battery 
and a contact-breaker, the latter being formed of a lym> 
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panum or diaphragm of stretched memhrane, capable at 
taking up sonorous vibrations, and having attached to 
it a thin elastic strip of platinum, which, as it vibrated, 
beat to and fro against the tip of a platinum wire, so 
making and breaking contact wholly or partially at each 
vibration in exactly the same manner as is done with the 
carbon contacts in the modem transmitters of Blake, 
Berliner, etc. The receiving part of the instrument 
consisted of an iron wire fixed upon a sounding-board 
and surrounded by a coil of insulated wire forming part 
of the circuit. The rapid m^netisation and demag- 
netisation of such an iron core will produce audible 
sounds (Art 113), which, since the pitch of a note 
depends only on the frequency and not on the form or 
amplitude of the vibrations, will reproduce the pitch of a 
note sung into the transmitting part. If the current vary 
less abrupdy, the iron wire is partially magnetised and 
demagnetised, giving rise in turn to vibrations of varying 
amplitudes and forms ; hence such a wire will serve 
perfectly as a receiver to reproduce speech if a good 
transmitter is used. Reis himself transmitted speech 
with his instnmient, but only imperfectly, for all tones 
of speech cannot be transmitted by abrupt interruptions 
of the current, to which Keis's transmitter is prone when 
spoken into, owing to the extreme lightness of the con- 
tact : they require gentle undulations, sometimes simple, 
sometimes complex, according to the nature of the soimd. 
The vowel sounds are produced by periodic and complex 
movements in the ^r ; the consonants being for the most 
part non-periodic. If the parts in contact be not too 
light, and speech be not too loud, Reis's transmitter 
works fairly as a transmitter, the platinum contacts when 
clean serving as a satisfactory current-regulator to vary 
the current in proportion to the vibrations of the v<Hce. 

Reii also devised a second receiver, in which an dectro-magiid 
attracted an elasticalty-supported armature of icon, which vlblated 
under the attraction of the more or lest interrupted CtUTenL 
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435. Q-raham Bell's Telephona — In 1S76 Graham 
Bell invented the magneto-telephone. In this instrument 
the speaker talks to an elastic plate of thin sheet iron, 
which vibrates and transmits its every movement electric- 
ally to a similar plate in a similar telephone at a distant 
station, causing it to vibrate in an identical manner, and 
therefore to emit identical sounds. The transmission of 
the vibrations depends upon the principles of magneto- 
electric induction explained in Lesson XXXVI. Fig. 
168 shows Bell's Tele- 
phone in its latest form, 
and its internal parts in 
section. The disc D is 
placed behind a conical 
mouthpiece, to which the 
speaker places his mouth 
or the hearer his ear. 
Behind the disc is a mag- 
net AA running the length ^ 
of the instrument ; and I 
upon its front pole, which | 
nearly touches the disc, p. ^^ 

is fixed a small bobbin, 

on which is wound a coil C of fine insulated wire, the 
ends of the coil being connected with the terminal screws 
F F. One such instrument is used to transmit, and one 
to receive, the sounds, the two telephones being con- 
nected in simple circuiL No battery is needed, for the 
transmitting instrument itself generates the induced 
currents as follows : The magnet AA induces a certain 
number of lines-of-force through the coil C. Many of 
these pass into the iron disc When the iron disc in 
vibrating moves towards the magnet-pole, more lines-of 
force meet it ; when it recedes, fewer lines-of-force meet 
it Its motion to and fro will therefore alter the number 
0/ lines-of-force which pass ihrougk the hollow of the ceil 
C, and will therefore (Art. 394) generate in the wire of 
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the coils conents whose strength is proportional to the 
rate of change in the number of the lines-of-fbrce which 
pass through the COiL Bell's telephone, when used as 
a transmitter, may therefore be regarded as a sort of 
magneto-electric generator, which, by vibrating to and 
fro, pumps currents in alternate directions into the wire. 
At the distant end the currents as they arrive flow round 
the coib either in one direction or the other, and there- 
fore either add momentarily to or take from the strength 
of the magnet. When the current in the coils is in sudi 
a direction as to reinforce the magnet, the magnet attracts 
the iron disc in front of it more strongly than before^ If 
the cmrent is in the opposite direction the disc is less 
attraaed and flies back. Hence, whatever movement is 
imparted to the disc of the transmitting telephone, the 
disc of the distant receiving telephone b forced to repeat, 
and it therefore throws the air into similar vibrations, 
and so reproduces the sound. Bell's Telephone, used 
as a receiver, differs only from the second receiver of 
Reis in having as its armature a thin elastic iron plate 
instead of an iron bar oscillating on an elastic support, 
and In having its central m^net of steel instead <d 

436. BdiBOn's Telepbone. — Edison constructed a 
telephone for transmitting speech, in which the vibrations 
of the voice, actuating a diaphragm of mica, made it 
exert more or less compression on a button of prepared 
lamp-black placed in the circuit. The resistance of this 
is affected by pressure of contacts ; hence the varying 
pressures due to the vibrations cause the button to ofier 
a varying resistance 10 any current flowing (from a battery) 
in the circuit, and vary its strength accordingly. This 
varying current may be received as before in an electro- 
magnetic receiver of the type described above, and there 
set up corresponding vibrations. Edison has also Is- 
vented a Telephone Receiver of singular power, which 
depends upon a curious fact discovered by himself, namely. 



CHAP. XII.] ELECTRICITY AND MAGNETISM. 417 

that if a platinum point presses against a rotating cylinder 
of moist chalk, the friction is reduced when a current 
passes between the two. And if the point be attached 
to an elastic disc, the latter is thrown into vibrations 
corresponding to the fluctuating currents coming from 
the speaker's transmitting it 



486 (iis). Dolbear's Telephone. — Telephone Re- 
ceivers have also been invented by Varley and Dolbear, 
in which the attraction between the oppositely-electrified 
armatures of a condenser is utilised in the production of 
sounds. The transmitter is placed in circuit with the 
primary wire of a small induction-coii ; the secondary 
wire of this coil is united through the line to the receiving 
condenser. In Dolbear's telephone the receiver consists 
merely of two thin metal discs, separated by a very thin 
air-space, and respectively united to the two ends of the 
secondary coil. As the varying currents flow into and 
out of this condenser the two discs attract one another 
more or less strongly, and thereby vibrations are set 
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up which correspond to the vibratioos of the original 

437. Huskies' MIoropliona— Hughes, in 1878, 
discovered that a loose contact between two conductors, 
fonntng part of a drcuit in which a small battery and a 
receiving telephone are included, may serve to transmit 
sounds without the intervention of any specific tympanum 
or diaphragm like those of Reis and Edison, because the 
smallest vibrations will eSect the amount of the resistance 
at the point of loose-contact, if the latter be delicately 
set The Mloropbone (Fig. 169) embodies this prin- 
ciple. In the form shown in the figure, a small thin 
pencil of carbon is supported loosely between two little 
blocks of the same substance fixed to a sounding-board 
of thin pine-wood, the blocks being connected with one 
or two small cells and a Bell telephone as a receiver. 
The amplitude of the vibrations emitted by this telephone 
may be much greater than those of the original sounds, 
and therefore the microphone may serve, as its name 
indicates, lo magnify minute sounds, such as the ticking 
of a watch or the footfalls of an insect, and render them 
audible. The less sensitive carbon -troMsmiiters, used 
frequently in conjunction with the telephone, are some- 
times regarded as varieties of the microphone. In some 
of these instruments — Blake's, for instance— there is a 
tympanum like thai of Edison's and of Reis's tele- 
phone. 

438. Huclies' Induction Balance. — The extreme 
sensitiveness of BeQ's telephone (Ait. 435) to the feeblest 
cuirents has suggested its employment to detect currents 
too weak to affect the most delicate galvanometer. The 
currents must, however, be intermittent, or they will not 
keep the disc of the telephone in vibration. Hughes 
applied this property of the telephone to an instrument 
named the Induction Balance (Fig. 170). A small 
battery B, connected with a microphone M, passes 
through two coils of wire P„ P„ wound on bobbiiu find 
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on a suitable stand. Above each of these primaiy coils 
are placed two secondary coils, Si, Si, of wire, of the 
same size, and of exactly equal numbers of tuns of wire. 
The secondary coils arc joined to a telephone T, and 
are wound in opposite directions. The result of this 
arrangement is that whenever a curreht either beginsor 
stops flowing in the primary coils, Pi induces a cmxent 
in S„ and P, in S^ As Si and S, are wound in opptosite 
ways, the two currents thus induced in the secondary 
wire neutralise one another, and, if they are of equal 
strength, balance one another so exactly that no sound 
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is heard in the telephone. But a perfect balance cannot 
be obtained unless the resistances and the co^efiicients of 
mutual induction and of self-induction are alike. If a flat 
piece of silver or copper (such as a coin) be introduced 
between Sj and Pi, there will be less induction in Si than 
in S,, for part of the inductive action in P, is now spent 
on setting up currents in the mass of the metal (Art. 401), 
and a sound will again be heard in the telephone. But 
balance can be restored by moving S, farther away from 
P), until the induction in S) is reduced to equality with 
Si, when the sounds in the telephone again cease. It is 
possible by this means to test the relative conductivity of 
diflerent metals which are introduced into the coils. It 
is even possible to detect a counterfeit coin by the indi- 
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cation thus aflbrded of its conductivity. The induction 
balance has also been applied in surgery by Graham 
Bell to detect the presence of a bullet in a wound, for a 
lump of metal may disturb the induction when some 

inches distant from the coils. 




439. Hushea' Magnetio Balanoe. — A very con- 
venient instrument for testing the magnetic properties 
of different specimens of iron and steel was devised by 
Hughes in 1884. The sample to be tested is placed in 
a magnetising coil A (Fig. 171), and a current is sent 
round it. It deflects a lightly-suspended indicating 
needle B, which is then brought to zero by turning a 
large compensating magnet M upon its centre. A smaU 
coil C is added to balance the direct deflecting efTect 
due to coil A, The author of this book has shown thai 
if the distance from M to B is 2-3 times the length of 
M, the angle through which M is turned is proportional 
to the m^netic force due to the iron core at A, provided 
the angle is less than 60°, 
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PROBLEMS AND EXERCISES. 

QUESTIONS ON CHAPTER I. 

I, From what is the word " eledridfy" derived? 

1. Name some of the diflerent metliods of producing electri- 

3. A body is charged so feebly that its electiilication will not 
perceptibly move the leaves of a gold-leaf electroscope. Can 
you suggest any means of ascertaining whether the chat^ of the 
body is positive or negative ? 



5. Why do we r^ard the t 
simultaneously by rubbing two 
opposite kinds ? 

6. Exphtin the action of the electrophorus. Can you suggest 
any means for accomplishing by a rotaloty motion the operations 
of lifting up and down the cover of the instrument so as to obtain 
a continuous Supply instead of an intermittent One. 

•J. Explain the Torsion Balance, and how it can be used to 
investigate the laws of the distribution of electricity. 

8. Two small balls are charged respectively with + H and 
— 8 units of electricity. With what lorce will they attract one 
another when placed at a distance of 4 centimetres from one 
another? '*'"■ I a dynes. 

9. If these two baits are then made to touch for an instant 
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■nd then pnt b«ck in thdr fonnei position*, with what foioe 
irill tbeyoct on each other? 

Ani. They Kpeloue mother with aIbiccof4dyiies. 

10. Zinc fihngs are sifted through a sieve made of copper win 
upon an insulated nnc plate joined by a wire to an electroscope. 
What will be observed ? 

11. Explain the principle of an aiV-a»ui)i.ur,' and state wt^ 
it is that the two oppositely chatged plates show less ^ns of 
electrification when [daced near together than when drawn aput 
from one another. 

13. There are four Leyden jars A, B, C, and D, of which A, 

B, and D, are of glass, C of ^tap<axha. A, B, and C, are of 

the same siie, D bong just twice as tall and twice aa wide 

as the others. A, C, and D, are of the same thickness of 

material, but B ia made of glass onlyh^ as Chick as A or D. 

Cootpare thnt capacities; Ant. Take capacity of A as t ; 

that of B will bes; 

thatofC wiUbel; 

and that of D wm be 4. 

electriScatka 



I J. Explain the action of Hamilton's milL 

16. Two brass balls moonted on glass stems are placed haH 
an inch apart. One of them ts gndoalty charged by a machine 
■mtil a spark passes between the two balls. State exactly what 
happened in the other brass ball and in the intervening air np 
to the moment of the appearance of the spaik. 

17. Define electric density. A charge of 148 units of dec- 
trictey was imparted to a sphere of 4 centims. radios. What is 
the density of the charge? Am. I'23 nearly. 

QUESTIONS ON CHAPTER IL 

I. A doien steel sewing-needles aie hung in a bunch by 
threads through thdr eyes. How will thqr Ixhftve iriien bai^ 
over the pole of a itrong magnet ? 
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2. Six magnetised sening-needles ue thmst verticaUf thnogli 
six little floats of cork, and aie placed in a basin of water with 
their N.-pointing poles upwards. How will Ihey affect one 
anotha, and what will Ije the effect of holding over them the 
S. -pointing pole of a magnet ? 



4. On board an iron ship which is laying a sohmuine telC' 
graph cable there is a galvanometer used for testing the continnil; 
of the cable. It is necessaiy to screen the magnetised needle of 
the galvanometer from being affected by the magnetism of the 
ship. How can this he done 7 

5. How would you prov« two magnets to be of equal 
strength? 

6. The force which a magnet-pole exerts upon another 
mignel-pole decreases as you increase the distance between 
them. What is the exact law of the magnetic force, and how 
is it proved experimentally 1 

7. What force does a magnet-pole, the strength of which ii 
9 units, exert upon a pole whose strength is t6 units placed 
6 centimetres away ? Aiu. 4 dynes, 

8. A pole of strength 40 onits acts with a force of 32 dynes 
upon another pole 5 centimetres away. What is the strength 
of that pole? ylts. JO onits. 

9. It is desired to compare the m^netic force at a point 10 
centimetres from the pole of a ms^et with the magnetic force 
at 5 centimetres' distance. Describe four ways of doing thb. 

10. Explain (he phenomenon of Consequent Poles. 

11. In what direction do the lines of nukgnetic induction (or 
"lines of force") run in a plane in which there is a single 
magnetic pole ? How would you arrange an experiment by which 
to test your answer ? 

12. What is a MagKttii SitSt What is the law of the 
potaitial doe to a magnetic shell ? 

luspcnded horizontally, and set to 
: 10 coniplete oscillatioDs in fiva 
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minulei ; the same needle when set osdilating horuontaUy at 
SL Helena executed ii3 complete oscillations in four minutes, 
Compare the horiiontal component of the force of the earth't 
magnetism at Briitol with that at St. Helena. 

Am. H a( Bristol r H at SL Helena : : 484 : 784. 

14. Supposing the dip at Bristol to be 70* and that at SL 
Helena to be 30°, calculate from the data of the preceding 
question the total force of the earth's magnetism at St Helena, 
that at lirislol being taken as '48 unit. Aiu. '307. 

lAT.JI.— The student tbcHild xe FootDotc 1,011 p. 116.) 

15. A small magnetic needle was placed magneticallj' north 
of the middle point of a strong bai-magnet whidi lay (magneti- 
cally) east and west. When the magnet was 3 feet away from 
the needle the deflerion of the latlet was X° ; when moved up 
lo a distance of 2 feet the deflexion was 6° so" ; and when only 
t foot apart the deflexion was 43°. Deduce the law of the Mai 
aclian of one magnet on another. 



QUESTIONS ON CHAPTER HI. 

I. Show that the total of the differences of potential hj con- 
tact In three simple voltaic cells joined in series Is three times as 
great as the difference of potential in one cell, the materials 
being the same in each. 

z. How can local action and polarisation be prevented in a 
voltaic cell? 

]. Supposing the length of ipailc to be proportional to the 
difference of potential, calculate from the data of Arts. 291 and 
17S how many Daniell's cells would be required to yield ■ 
sufficient difference of potential to produce a spark nu milt long 
through air. Am. 1091 million cell*. 

4. On what does the btemal reslttance of a battery d«pendi 
Is there anj way of diminishing it 7 

5. Twenty -foor similar cells ue grouped leather in fbui 
rows of six cells each ; compare the electromotive-force and the 
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£ of the batteiy thus grouped, with the electromotive- 
force and the resistance of a single celL 

j4ns. The E.M.F. of the battery is sis times that o( 
□ne cell. The total internal resistance is one aod 
a half times that of one cell. 

6. A piece of silk-covered copper wire is coiled round the 
equator of a model terrestrial globe. Apply Ampere's rrlle to 
determine in which direction a current must be sent through the 
coil in order that the model globe mny represent Che condition 
of the earth magnetically. 

Am. The cunent must flow across the Atlaotic from 
Europe to America, and across the Pacific from 
America toward India ; or, in other words, must 
flow alwajrs from east toward west, 

7. A current of ■a4 ampires flows through a drcniar coil of 
seventy-two turns, the (average] diameter of the coils being 20 
centimetres. What is the strength of the magnetic field which 
the cnirent produces at the centre of the coil ? 

8. Suppose a current pasdng tbningh the above coil produced 
a ddeclion of 35' upon a small m!^^etic needle placed at it* 
centre (the plane of the coils being in the magiKtic meridian), 
at a place where the horizontal component of the earth's 
magnetic force is '23 units. Calculate the strength of the 
current in ampkes. (Art. zoo.) Am. □'035, 

9. The current generated by a dynamo-electric machine was 
passed through a large ring of stout copper wire, at the centre 
of which hung a small magnetic needle to serve as a tangent 
galvanometer. When the steam engine drove the armature of 
the generator at 450 revolutioDS per minute the deflection of the 
needle was 60°. When the speed of the engine was increased 
so as to produce goo revolutions per irunute the deflection was 
74°, Compare the strength of the cnnents In the two cases. 

Am. The current wis twice as great as before, for tan 
74° is almost exactly double of tan 60*. 

10. The current (ana two Grove's cells was passed through 
a tine ■ galvanometer to measure its strength. When the con- 
ducting wires were of stout copper wire the coils had to be 
turned through 70° before (hey stood parallel to the needle. 
But when long Uiin wires were used as conductors the coils 

2 F 
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onl; required to be turned thiougb 9°. Compare the strenedl 
irf the current in the first case with (bat in the second case 
when flowing through the thin wires wMcb offered considaaUe 
resistance. Aru. Currents are as I to |, or as 6 to I. 

II. A plale of line and > plate of copper are respective!; 
united by copper wires to the two screws of a galvaaonietei. 
They were then dipped side b; side into a glass containii^ 
dilute sulphuric acid. The galvanometer needle at first showed 
a deflection of 28*, but five minutes later the deflection bad 
&llen (o 11°. How do jou account ba this falling off? 

13. Chtssi^ liquids according to Ihor power of conductii^ 
electricity. 

13. Name the substances produced at the anode and kathode 
respectivdy during the electrolysis of the following substances : — 
Wattr, dilutt lutphttric acid, adphate ef copper (dissolved m 
water), hydrochloric add (strong), iodide of potaisium (dissolved 
in water), chloride of tin (fused). 

14. A current is sent through three electrolytic cells, the first 
containing addulated water, the second sulphate of copper, the 
third contains a solution of diver in cyanide of potasdnnt. How 
much capper will have been deposited b the second cell while 
2 *z6S grammes of ulver have been depodled in the third cell ? 
And what vohinu of mixed gases will have been givoi off at the 
same time in the Gist cell 7 

Am. '6614 grammes of copper and 353'S cubic centi- 
metres of mixed gases. 

15. A cniroit passes by platinum electrodes throu^ three 
cells, the first containing > solution of blue vitriol (cupiic 
sulphate), the second containing a solution of green vitriol 
(ferrous sulphate), the third containing a solution of ferric 
chloride. Stale the amounts of the different substances evolved 
at each electrode by the passage of looo coulombs of electricity. 

J«., First CdL SA'««1''*°S28 gramme of oxygen e«». 
Am. tmt LtU. j Kathode -3261 gramme of copper. 

_ . -. ,, i Anode -0828 gramme of oxypen. . 

Seco„d CeU. j ^^^^ .^^^ ^^^^ ^^ /B^_ 

T^ird CelL \ ^"^^ '3^75 gramme of chlorine. 
Tlimi Ull, ) Kathode -1449 gramme of iron. 

16. A tangent galvanometer, whose "constant" in absolute 
unilE was o-oSa, was joined in circuit with a battery and an 
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electrolytic cell containing a solution of silver. The current 
was kept on for one hour ; the deflection observed al the begin- 
ning was 36°, but it fell steadily during the hoar to 34°. Sup- 
po^g the horizonlal component of the earth's magnetic force 
to be "23, calculate the amount of wlver deposited in the cell 
during the hour, the absolute electro -chemical equivalent of 
silver being 0-01134. ■^"'- 'S^^ gramme. 

17. A piece ol zinc, at the lower end of which a piece of 
copper wire is fixed, is suspended in a glass jar containing a 
solution of acetate of lead. After a few hours a deposit of 
lead in a curious tree-like form ("Arbor Satumi") grows 
downwards from the copper wire. Explain this. 

18. Explain the conditions under which eleclticity excites 
muscular contraction. How can the converse ph( 
currents of electricity produced by muscular 



QUESTIONS ON CHAPTER IV. 

I. Define the unit of electricity as derived in absolute lenns 
from the fundamental units of length, mass, and lime. 

a. At what distance must a small sphere chatted with iS 
units of electricity be placed from a second sphere charged with 
56 units in order to repel the latter with a force of 32 dynes ? 



3. Suppose the distance from the earth to the moon to be [in 
round numbers) 383 x lo* centimetres i and that the radius of 
the earih is 63 x I o' centimetres, and that of the moon 1 5 x 
10' centimetres ; and that both moon and earth are chafed 
until the surface density on each of them is of the average value 
of 10 units per square centimetre. Calculate the electrostatic 
repulsion between the moon and the earth. 

4. A smalt sfhere is electrified with 34 units of + electricity. 
Calculate the force with which it repels a unit of + electricity at 
distances of I, x, 3, 4, 5, 6, E, and 10 centimetres respectively. 
Then plot out the "curve of force" to scale; measuring the 
respective distances along a line Irom left to right as so many 
centin^etra from a fixed p<unt as origin ; then setting ont as 
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vertical ordinate^ the amonnU you have calculated for du 
corretponding fbrca ; lastlj', connecting bf a curved line tbe 
■Tstem of points thus found. 

5, Define electrostatic (or electric) "potential;" and calculate 
(by the rule given in iialkt in Art. 33S) the potential at a point 
A, which is at one corner of a square of 8 centimetres' side, 
when at the other three comers B, C, D, taken in order, 
charges of + 16, +34, and +34 units are respecliveljr placed. 

Am. 8, very nearly exactly. 

6. A small sphere is electrified with 24 units of -t- electricity. 
Calculate the petential due to this charge at points t, 2, 3. 4. 5. 
6, 8, and 10 centiinetres' distance respectively. Then plot oat 
the " cttrvt ofpotmHid" to scale, as described in Question 4. 



8. A sphere whose radiui is 14 centimetres is charged antQ 
the Bur&ce density has a valtie of 10. What quantity of 
electricity is required for this? Am. 34,640 units (nearly). 

9. In the above question what will be the ffftmtiiU at tbe 
urtace of the sphere? (See last sentence of Art. 246.) 

Am. 1760 (very nearly}. 

10. In the case of question 8, what will be the iltctricfarct at 
a point outside tbe sphere and indefinitely near to its surface? 
(Art asi.) Am, 1257 (very nearly). 

11. Suppose a sphere whose radius is 10 centimetres to be 
cha^d with 6284 units of electricity, and that it is then caused 
to share its charge with a non .electrified sphere whose radios is 
15 centimetres, what will the respective charges and xoriace- 
densities on the two spheres be when separated ? 

Ans. Small sphere, ^ = 25 1 3 '6, g k 1 1 
Large sphere, q = 3770-4, j = i-33, 

13. A cliarge of + 8 units Is collected at a point 30 cenli- 
metres distant from the centre of a metallic sphere whose ladius 
is 10 centimetres. It induces a n^alive electrification at the 
nearest side of the sphere, fuid a point inside the sphere such 
that if 4 negative units were placed there they would exerdse 
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• potential on all external points exactly equal to tbat of the 
actual negative electrificatioD, (See Art. 3jo.) 

Am. The point must be on the line between the outside 
positive chaise and the centre of the sphere and at 
5 centims. from the surface. 

13. Two large parallel metal plates aie charged both 
poutively but unequally, the density at the surface of A beiog 
4- 6, that at the sui&ce of B being + 3. They are placed z 
centimetres apart Find the force with which a + unit of 
electricity is ui^ed from A towards B. Find also the work 
done by a + unit of electricity in passing from A to B.- 

Ans. Electric force from A towards B = l8'85i/i'«et,- work 
done by unit in passing from A to B = 37 '5 trgs. 

14. What is meant by the dimtniums of a physical quantity? 
Deduce from the Law of Inverse Squares the dimensions of 
electricity ; and show by this means that electridty is not a 
quantity of the same physical dimensions ai either mallir, energy, 

15. Explain the consttnction and principles of action of the 
quadrant electrometer. How could this instrument t>e made 
■elf-recording? 

t6. One of the two coatings of a condenser Is put to earth, 
to the other coating a charge of 5400 units ts imparted. It is 
found that the diflerepce of potential thereby produced between 
the coatings is 15 (electrostatic) imits. What was the capacity 
of the condenser ? Ans. 36a 

17. What is the meaning of .^(^ tWiB^Kw fa/oci/f' f Why 
does hot glass appea- to have a higher specific inductive capacity 
ITijiTi cold glass? 

iS. Compare the phenomenon of the residual charge in a 
Leyden jar with the phenomenon of polarisation in an electro- 
lytic ceU. 

19. A condenser was mode ot two flat square metal plates, 
the side of each of them being 35 centimetres. A sheet o< 
indiarubt>er '4 cenlim. thick was placed between them as a 
dielectric. The specific inductive capacity of indiarubbei 
being taken as 2-3Sf calculate the capad^ of the condoiser. 

Am. S48-8 e1ectio«tattc units. 



.>:k' 
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2a Calcukte (in electroaUtlc nnits) the capadly of a mile ol 
telegraph cable the core being a copper irire c^ 'iS centim. 

dfameter, surrounded bj a sheathing of guttapercha -91 centim. 
thick, li Ibr giittapercha := 3'46 ; one mile =^ 160,933 
centima.] ^ns. 82,i64umti. 

21. A Leyden jar is niade to share its cha^e with two other 
jars, each of which is equal to it In capacity. Compare the 
energy of the charge in one ju with the energ; of the original 
charge. -^nj. One oinlb as greaL 

31. A series of Leyden jars of et|ual capacity are charged 
"in cascade." Compare the total mnxf of the charge of the 
individual jars thus charged, with that of a single jar charged 
from the same source. 



24. Suppose a condenser, whose capacity is 10,000 chafed 
to potential 14, to he partially dischai^ed so that the potential 
fell to 5. Calculate the amount of heat produced by the 
dischai^, on the supposition that all the energy of the spaik 
is converted into heaL Ans. '020357 of a unit of heat. 



26. Why are tel<graphic signals through a submerged caUe 
retarded in transmission, and how can this retardation b« 
obviated ? 

27. How Is the difference ol potential between the earth and 
the air above it measured? and what light do such measure- 
ments throw on the periodic variations in the electrical state of 
the atmosphere? 



29. What are the essential features which a lightnlng.con. 
ductor must possess before it can be pronounced satisfactory ( 
And what are the reasons for insisting on these pmnls i 

30. How can the duration o( an electric spark be measured] 



PROBLEMS AND EXERCISES. 



QUESTIONS ON CHAPTER V, 

I. Define magnelU falatlial, and find the (magnetic] potential 
due to a bar magnet lo centimetres long, and of strength So, 
at a pobt lying in a line with the magnet poles and 6 centi- 
metres distant liom its N.-seeking end. Am. S'J. 

z. A N.-seeting pole and a S.-seeking pole, whose strength* 
are lespectively + 120 and — 6a, are in a plane at a distance 
of 6 centimetTes apart. Find the point between them where 
the potential is = □ ; and through this point draw the curve 01 
zero potential in the plane. 

3. Define "intensily of the magnetic field." A magnel 
whose strength is 370 is placed in a urufbrm magnetic field 
whose intensity is '166. What are the forces which act upon 
its poles? Am. + 45 dynes and — 45 dynes, 

4. Define " intensity of magnetisation. " A rectangular bar- 
magnet, whose length was 9 centimetres, was magnetised until 
the strength of its poles was 164. It was 3 centimetres broad 
and "S centimetre thick. Supposing it to be uniformly magnet- 
ised throughout its length, what is the intensity of the magnet- 
isation? Ans. 164. 

5. Poisson suggested a two. Quid theory of magnetism, (he 
chief point of the hypothesis being that in the molecules of iron 
and other magnetic substances there were equal quantifies of 
two opposite kinds of magnetic fluid ; and that in the act ol 
magnetisation the ttvo fluids were separated. What facts does 
this theory explain J What facts does it fail to explain 1 

6. A current whose strength in " absolute " electromagnetic 
units was equal to O'o; traversed a wire ring of 2 centimetres 
radius. What was the strength of field al the centre of the 
ring? What was the potential at a point P opposite the 
middle of the ring and 4 centimetres distant from the circum- 
ference of the ting. Ant. /■='i57i;V = ± otHZi. 

7. What limits are there to the power of an electromagnet? 

8. What is the advantage of the iron core in an electro, 
magnet? 

9. Awuming the efiective coeificient of magnetisation of iron 
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to be zo, calculate Ibe strenglK of the pole oT ao electromagiiet 
whose coils consist of 50 turns of wire of an average radios of 
I centimetre, when a coirent of i amperes passes through the 
coils, the core consistii^ of a bar 5 centimetres loi^ and of r 
square centimetre of area in its cxoss section [see Art. 328]. 

Am. S^S units; 

10. Enundate Maxwell's rule concerning magnetic shells, 
and 6:0m it deduce the laws of parallel and oblique current* 
discovered bf Ampbc 

11. A ctrcaUr copper dish is joined to the zinc pole of a 
small liatteij. Acididated water is then poured into the dish, 
and a wire from the carbon pole of the battery dips into the 
liquid at the middle. A few scraps of cork are thrown in to 
render any movement of the liquid visible. What will occur 
when the N. -seeking pole of a strong bar-magnet is held above 
the dish ? 

1 2. Roget hung up a spiral of copper wire so thai the lower 
end/Hj' dipped into a cup of mercury. When a strong current 
was sent through the spind it started a continuous dance, the 
lower end producuig bright sparks as it dipped in and out of 
the mercury. Explain this experiment. 

13. It is believed, though it has oot yet been proved, that 
otone is more strongly magnetic than oxygen. How could this 
be put to proof? 



QUESTIONS ON CHAPTER VI. 

I. The resistance of telegraph wire being taken as 13 ehmi 
per mile, and the E. M. F. of a Leclanchif cell as 1-5 vaU, 
calculate how many cells are needed to send a current of 1 2 
miti-ampirts through a line 1 30 miles loitg ; assuming that the 
Instruments in circuit offer as much resistance as 30 miles d 
wire would do, and that the return-current through tartk meets 
with no appreciable reustance. Am. 15 cells. 

1. 50 Grove's cells (E. M. F. of a Grove = I -8 veil) an 
unilcil in series, and the circuit Is completed by a wire whose 
resistance is 1 5 ohms. Supposing the internal resistance of each 
cell to be 0-3 ohm, calculate the strength of the current 

Am. 3 amfira. 
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3. The cnrtenl nuwing throogh an incandescent filament ol 
carbon in a lamp was found to be exactly t amfh-e. The 
difierence of pot^tial between the two tenninals of the lamp 
while the coirent was flowing was found to be 30 valts. What 
was the resistance of the filament ? 

4. Define specific resistance. Taking the specific resistance 
of copper as 1642, calculate tlie tesistsnce of a kilometre of 
copper wire whose diameter is t millimetre. Ans. 20-g ahmi. 

%. On measuring the resistance of a piece of No. 30 B. W. G. 

(covered) copper wire, iS'ia yards long, I found it to have a 

resistance of 3'02 ohms. Another coil of the same wire had a re^st- 

ance of a2*6s ohnn ; what length of wire was there in the coil ? 

Ans. 1 35 9 yard*. 

6. Calculate the resistance of a copper conductor one square 
centimetre in area of cross-section, and long enough to reach 
from Niagara to New York, reckoning this distance as 480 
kilometres. Ans. ^%■%ek^la. 

7. Vouhave given an unlimited number of Tel^rapb Daniell'i 
cells (Fig. 77), their E. M. F. being i ■! W/ each, and their 
average internal resistance being z'2 ohms each. What will be 
the strength of the current when five such cells, in series, are 
connected through a wire whose resistance is 44 ohmt t 

Ant. O'l amfilrt. 

8. Show in the preceding case that with an infinite number 
of cells in striti, the current could not possibly exceed O'J 

9. The specific resistance of guttapercha being 35 x 10", 
calculate the number of «mhmbs of electricity that would leak 
in one century through a sheet of guttapercha one centimetre 
thick and one metre square, whose iaces were covered with 
tinfoil and joined respectively to the poles of a battery of 100 
Daniell's cdls. Ans. ^"J coulomb. 

10. Six Daniell's cells, for each of which E = i ■05 voUt, r= 
o'5 ohm, are jobed in series. Three wires, X.Y, and Z, whose 
resistances are severally 3, 30, and 300 ohms, can be inserted 
between the poles of the battery. Determine the current (in 
amj^ei) which flows when each wire is inserted separately ; also 
determine that which flows when they are aU inserted at once 
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Am. Thnn^hX 1-05 am/trapti soe. 

Througb V 0-1909 „ „ 

Through Z 0*0207 " n 

Through all three t't05 . „ „ 

II. Calculate the nnmber of cells required to produce ■ 
current of 50 tnilli-ampirts, through a line 1 1 4 miles long, whose 
resistance is la^ ohms<ptT mile, the available cells of the batteiy 
having each an internal resistance of i '5 ohm, and an E, M. F. of 
\-%volt. Am. 50 cells. 

■ 3. Vou have ao large Leclanchrf cells {E.M.F, = 1-5 volt, 
r=o-5 ohm each) in a cii'cuit in which the external resistance is 
10 ohms. Find the strength of current which Sows (a] when 
the cells are joined in simple series ; (A) all the zincs are united, 
and all the carbons united, in parallel arc ; (<') when the cells are 
aTraT^:ed two abreast {i.e. in two files of ten cells esch) ; {d) 
when the cells are arranged four abreast. 

Am. {a) 1-5 amfiirx. 
(*) 01496 „ 

id) 0702 ., 

13. With the same battery how would 70U arrange the celk 
In order to tel^aph through a line 100 miles long, reckoning 
the line resistance as 12^ ohms per mile? 

14. I have 4S cells, each of 1-2 vtU E.M.F., and each <d 
2 ekrm internal resistance. What is the best way of groupii^ 
them together when it is de^red to send the strongest possible 
current through a circuit whose resistance is 1 2 ohms ? 

Ans. Group them three abreast. 

IJ. Show that, if we have a batteiy of n given cells each ol 

resistance r in a circuit where the external resistance is R, the 

strength of the current will be a maximum when the cells are 

coapled up in a certain number of rows equal numericall; to 

■6. Two wires, whose separate retistances are 2S and 34, are 
placed m paralld arc in a circuit so that the cntreDt divides, 
part paswng through one, part throu^ the other. What resist- 
ance do they oflei thus to the current 1 Ani. 12 '91 ekmt. 

17. Using a large bichromate cell of practically no internal 
resistance, a defiection of 9* was obtained upon a tangeni 
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galvanometer (alio of snuiU lesistance) thiough a wire whost 
resistance was known to be 435 oAins. The same cell gave a 
deSection of 5° upon Ihe same galvanometer when a wire ol 
onkoown resistance was suljslituted In the circuit. What was 
the unlcDown resistance? Am. jgo oimt. 

iS. In a Wheatstone's bridge in which resistances of 10 and 



whose resistance vras to be determined y 

ance was balanced when the adjustable coils were arranged to 

throw 281 aAmi into circuit. What was its resistance? 

19. A battery of 5 Leclanche cells was connected in simple 
circuit with a galvanometer and a box of resistance coils. A 
deflection of 40° having been obtained by adjustment of the 
reliances, it was found that the introduction of 150 additiotial 
nAms of resistance bronght down the deflection to 39°. A battery 
of ten Daniell's cells wis then substituted In the circuit and 
adjusted until the deflexion was 40° as before. But this time it 
was found that 3i6 ohms had to be added before the deflection 
was bronght down to 29*. Taking the E.M.F. of a single 
DanieU'g cell as I '079 volt, calculate that of a single Leclanchj 
cell. Ani. i-^ggvelt. 



2 1 . Three very small Daniell's cells gave, with a ane galvan- 
ometer (itself of DO appreciable resistance), a reading of 57°. On 
throwing 30 ohms into the circuit the galvanometer reading fell 
to 35°. Calculate the internal resistance of the cells. 

Ahs. 6'6p4mieach. 

zl. A knot of telegraph cable was plunged in a tub of water 
and then charged for a minute from a battery of 1 30 Daniell's 
cells. The cable was then discharged through a long. coil 
galvanometer with a needle of slow swing. The first swing 
was 40°. A condenser whose capacity was } microfarad was 
then similarly chaiged and discha^ed ; but this time the first 
iwing of the needle was only over 14°. ''Vhat was the capacity 
of the piece of cable? Ans, 0-934 niurefarad. 
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to b« "00374 tUttreitafU units (C.G.S. «y8t«m). Tbe ratio at 
Ibe electrostatic to the electromagnetic unit of potential is given 
in Alt 365, bdng = ^. The tvA ii defined aa 10* electromag- 
netic units. From these data calculate the E.M. F. of a 
Daniell'i cell in i^.t. Ahs. fiiitieB. 

24. The ladius of the earth la appronautely 63 x 10' cend- 
meaes. The ratio of the electrostatic to the electromagnetic 
unit of capacity is given in Art, 365, The definition raf the 
farad is given in Ait. 333. Calculate the capacity of the eaith 
(r^aided as a spheie) in microfarads. 

Ans. 700 murofitradt (nearlj^ 

S15. The electiomotlve-force of a Danieli's cell was determined 
bj the following process : — Five newly-prepared cells were sd 
up in series with a tangent galvanometer, whose constants weie 
found by measurement. The resistances of the circuit were also 
measured, and fouad to be in total 16*9 Qkms. Knowing the 
resistance and the absolate strength of current the E.M.F. could 
be calculated. The deflection obtained was 45°, the number of 
turns of wire in the coil 10, the average railius of the coils 1 1 
centimetres, and the value of ttie horizontal component of the 
earth's magnetism at the place was o-iS C.G.S. units. Deduce 
the E. U. F. of a DanieU's celL 

Am. I -0647 X 10^ C.G.S. niuts, or I -0647 vfU. 



QUESTIONS ON CHAPTER VIL 

1. I have seen a small chain in which the altavate links 
were of platinum and silver wires. When an electric current 
was sent through the chain the platinum links grew red hot 
while the silver links remained cold. Why was this ? 

2. Calculate byjoule's law the numberofheat units developed 
in a vrire whose resistance is 4 ohms when a steady conent of 

14 atajfitt is passed through it for 10 minutes. 

Am. Il'3 units ofheat. 
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5. I once tried to obtain on declcic light by using a battei7 
of 3000 leU^rapb Daniell's cells in series, but without success. 
Wby did this enormous batte^ power Tail for tliis purpose? 
Could it have been made to give a light by any difierent arrange- 
ment of the cells? 

6. A battery of 2 Grove's cells, a galvanometei, and a little 
electromagnetic engine, were connected in circuit. At first the 
engine was loaded, so that It could only run slowly ; but when 
the load was lightened it spun round at a liemendous speed. 
But the fi^er the httle engine worked the feebler was the 
current indicated by the galvanometer. Explain this. 

7. A current of 9 ampins worked an electric arc light, and on 
measuring the difference of potentiai between the two carbons 
bf an electrometer it was found to tie 140 volts. What was 
the amount of horse-power absorbed in this lamp t 

Atts. r69 H..p. 

8. You have a lathe in your woricshop which recjuires power 
to tnin it. There is a stream of water tumbling down the hill- 
side, two miles oS, with power enough to turn twenty lathes. 
How can you bring this power to the place where yon want to 

g. What is the use of the electro^dynamomeler 1 Assum. 
ing that the moment of the force acting on the movable coil of 
the electro -dynamometer is proportional to the product of the 
strengths of the currents in the two coils, show that the nwri 
performed by a current is really measured by the electro- 
dynamometer of Marcel Deprei, in which one set of coils has a 
very small resistance and the other a very high resbtance (eOD- 
listing of many turns of fine wire), the tatter bdng arranged as 
a shunt to the lamp, motor, or other instrument, in whi^ the 
work to be measured is being done, the former having the 
whole current passed Ituough it. 



QUESTIONS ON CHAPTER VIH. 

I. A strong battery - current is sent, for a few moments, 
through a bar made of a piece of antimony soldered to a piece 
of bismulL The battery is then disconnected from the wires 
and they are joined to a galvanometer which shows a deflection. 
EqiUin this phenomenon. 



..Google 
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2. A long strip of nnc is connected to > galvanometer I9 
[ron wires. One junctioD ii kept m ice, the other is plunged 
into water of a temperature of 50*C. Calculate, from the taWe 
given in Art, 381, the electromotive-force which is prodadng 
the current. Aia. 69a microvolts. 

3. When heat Is evolved at a junction of two metals by the 
passage of a current, how would yon distinguish between the 
heat due to resistance and the heat due to the Peltier effect ? 

4. Sir W. Thomson discovered thai when » current flows 
through iron it absorbs heat when it flows from a hot point 
lo a cold point; but that when a current is flowing through 
copper it absorbs heat when it flows from a cold point to a hot 
point. From these two facts, and from the general law that 
energy tends to ran down to a minimum, deduce which way a 
current will flow round a circuit made of two half-rings of iico 
and copper, one junction of which is heated in hot water and the 
other cooled in ice. 



QUESTIONS ON CHAPTER IX. 

1. Give the reasons which edst Sot thinking that light it an 
electromagnetic phenomenon. 

2. How Is the action of magnetic forces upon the direction 
of the vibrations of light shown ? and what is the difference 
between ms^elic and diamagnetlc media in respect of thell 
magneto-optic properties ? 

3. It was discovered by Willoughby Smith that the redstanee 
of selenium is less when exposed to light than in the dark. 
Describe the apparatus you would employ to investigate this 
phenomenoD. How would you proceed to experiment if yon 
wished to ascertain whether the amount of electric effect was 
proportional to the amount of Illumination ? 



QUESTIONS ON CHAPTER X. 
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Is placed slowly into Che hollow at the coil, and then withdrawn 
titddaily. What -actions will be observed on [he needle o[ the 
galvanometer ? 

2. Round the outside of a deep cylindrical jai are coiled tvro 
separate pieces of fine silk -covered wire, each consisting of many 
turns. The ends of one coil are fastened to a battery, those ol 
the other to a sensitive galvanometer. When an iron bar is 
poked into the jar a momentary current is observed in the 
galvanometer coils, and when it is drawn out another moment- 
aty current, but in an opposite direction, is observed. Explain 
these observations. 

3. A casement window has an iron frame. The aspect ii 
north, the hinges being on the east side. What happens when 
the window is opened? 

4. Eiplain the construction of the iodoction coil. What 
are the particular uses of the condenser, the aotoDiatic break, 
and the iron wire core ? 

5. It is desired to measure the strength of the field between 
the poles of an electromagnet which is exdted by a current from 
a constant source. How could yon apply Faraday's discovery 
of induction currents to this purpose ? 

6. What is meant by the tenn "eKtra-cuirents?" A small 
battety was joined in circuit with a coil of fine wire and a 
galvanometer, in which the current was found to produce a 
steady but small deflection. An unmagnetised iron bar was 
now plunged into the hallow of the coil and then withdrawn. 
The galvanometer needle was observed to recede momentarily 
from its first position, then to return and to swing tieyond it 
with a wider arc than before, and finally to settle down to its 
original deflection. Explain these actions. 

7. In what respect do dynamo- electric machines difler from 
magneto-electric machines ? Where does the magnetism of the 
field -magnets come from in the former? Where does the 
dynamical eoei^^ of the currents come from in the latter ? 

8. The older magneto - electric machines produced only 
ittttrmiUatt Currents, and these were usually altemaiing in 
direction. By what means do the more modem magneto-electric 
generators produce current* which are centitaoHs and dttttlt 
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9. A compass needle, when set Emngiag, comes to rest 
sooner if a pkte of copper is placed beneath it than if a plate ot 
g]aaa or wood lies beneatli it Explain this facL 

to. E^lain how it is that on maldi^ circuit the cnrrent 
rises only giadiudly to its (iill strength, espedolly if there are 
large electromagnets in the drcuit. 

I>. Foucauit set the heavy bronie wheel of his gyroscope 
■pinning between the poles of a powerful electromagnet, and 
Ibund that the wheel grew hot, and stopped. What was the 
cause of this ? Where did the heat come from ? 

12. The strength of the field between the poles 01 ■ large 
electromagnet was determined by the following means : — A 
small drculai coil, consisting of 40 turns of tine insulated wire, 
mounted on a handle, was connected to the terminals of a loi^- 
coil galvanometer having a heavy needle. On inverting this cm] 
suddenly, at a place where the total intensity of the earth's mag- 
netic force was -48 miit, a deflection of 6* was shown as the 6rsl 
swing of the galvanometer needle. The sendtiveness of the 
galvanometer was then reduced to T^f by means of a sbont The 
little coil was introduced lietween the poles of the electromagnet 
and tnddenly inverted, when the first swing of the galvan- 
ometer needle reached 40*. What was the strength of the fl^ 
between the poles? Aiu. 3157 nnits. 

QUESTIONS ON CHAPTER XL 

I. It is found that a single DanieU's cell will not electro^ 
addulated water, however big it may be made. It is found, oa 
the other hand, that two Danlell't cells, hovrever small, will 
suffice to produce continuous electrolysis of acidulated water. 
How do yOD Bccoont for this ? 

3. When a gramme of sine comlunes with oxygen it give* 
oat 1301 heat-units. When this dnc oxide is dissolved in 
■nlphnric add 369 more nnits are evolved. To separate an 
equivalent amount of copper sulphate into sulphuric add and 
copper oxide requires jS8 heat-imlts to be expended. To 
separate the copper from the oxygen in this Oxide requires 393 
more heat-imila. The atisolute electro -chemical equivalent o( 
one iso-O034i3 (j« Art 313), and Joule's dynamical equivalrat 
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of heat is 4J X lo*. From these figures calculate the electro- 
motive force of a Daniell's cell. 

Am. 1-1306 X 10" C.G.S. units, 01 
1.1306. veil. 

3. Explain the operation of charging a Eecoiid3.ry battery. 
What are the chemical actions which go on during charging and 
dnring discha^ng? 

4. Most liquids which conduct electricity are decomposed 
(except the melted metals) in the act of conducting. How do 
you account for the fact observed by Faraday that the amount 
of matter transferred through Che liquid and deposited on the 
electrodes is proportional to the amount of electricity trans- 
ferred through the liquid i 

5. Descrilie the process for multiplying by electricity copies 
of engravings on wood-blocks. 

6. How would you make anai^menls for lilvering spoons 
of nickel -bronie 1^ electro-deposition? 



QUESTIONS ON CHAPTER XII. 

I. Sketch an arrangement by which a single line of wire can 
be used by an operator at either end to signal to the other ; the 
»:.ndilion of working being that whenever you are not sending 
a message yourself yoor instrument shall be <« arcuit with the 
line tvire. and irul efcaca\l with tlie battery at your own end. 

J. What advantages has the Morse instrument over the 
needle instruments introdnced into tet^raphy by Cooke and 
Wheatslone ? 

3. Explain the use and construction of a relay. 

4. It is desirable in certain cases (diplex and quadruplei 
signalling) to arrange tel^raphic instrumenU so that they will 
respond only to currents which come in one direction thioi^h 
the line. How can this be done 1 

5. A battery is set up at one station. A galvanometer needle 
at a station eighty miles away is deflected through a certain 
number of degrees when the wire of its coit makes twelve turns 
round the needle j wire of the same quality being used for 
both line and galvanometer. At 200 miles the same deflection 
it obtained when (wenly-four turns are used in the galvan- 
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omelei-coil. Show t^ calculadon (a) that the inlemal resist- 
ance of the batter; is equal to that (^ 40 miles of the line-wire ; 
{i) that to produce an equal deflection at a station 360 mile* 
distant the numbei of turns of wire In the galvanometer -coil 
must be 40. 

6. Suppose an Atlantic cable to snap off short during the 
process of laying. How can the distance of the broken end 
from tiie sliore end he ascertained ? 

7. Suppose the copper core of a submarine cable to part at 
some point in the middle without any damage being done tc 
the outer sheath of guttapercha. How could the position of 
the bult be ascertained bj tests made at the shore end ? 

8. Explain the conslniction and action of an electric belL 

9. Describe and explain bow electric coirents are applied in 
the instruments by which very short intervals of time are 
measured. 

10. Explain the use of Graham BeU's telephone <i) to 
transmit vibrations ; (2) to reproduce vibrations. 

11. Describe a Ibrm of telephone in which the vibrations of 
sound are transmitted by means of the changes they produce in 
the resistance of a circuit in which there is a constant electro- 

12. Two oAh, A and B, of fine insulated wire, made exactly 
alike, and of the same number of windings in each, are placed 
upon a common a»s, but at a distance of 10 inches apart. They 
are placed in circuit with one another and with the secondary wire 
of a small induction-coil of RuhmltorfTs pattern, the coimeclioas 
being so arranged that the cunenls run round the two coils in 
opposite directions. A third coil of fine wire, C, has its two 
ends connected with a Bell's telephone, to which the experi- 
menter listens while he places this third coil between the other 
two. He finds that when C is exactly midway between A and 
B no sound is audible in the telephone, though sounds are 
heard if C is nearer to either A or B. Explain the cause of this. 
He also finds that if a bit of iron wire is placed in A silence it 
not obtained in the telephone until C is moved to a position 
nearer to B than the middle. Why [s this ? Lasdy, he finds 
that if a disc of brass, copper, or lead, is interposed between A 
and C, the position of silence for C is now nearer to A than the 
middle. How is this explained ? 
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